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xSUMMARY
Spent NiMo catalyst was physically and chemically characterized, and subjected to 1-step 
and 2-step bioleaching processes using Aspergillus niger and Penicilium simplicissium. 
During the bioleaching of the spent catalysts of two forms (i.e. as-received and decoked) 
and various particle sizes (as-received, 180-120 µm, 120-45 µm and <45 µm), the biomass 
dry weight and pH were determined. The corresponding leach liquor was analyzed for 
excreted organic acids along with heavy metal values extracted from the catalyst. Chemical 
characterization of the spent catalyst confirmed the presence of heavy metal including Al 
(38.2%), Ni (3.36%), and Mo (12.9%). SEM-EDX analysis of the decoked spent catalyst 
revealed a change in the metal distribution within the catalyst during the decoking process. 
This paved a way to explain the metal leaching kinetics during bioleaching. In general, A. 
niger showed a higher metal leaching efficiency than P. sp. The highest Mo (87.3%) and 
Al (17.20%) leaching efficiencies were obtained (at the end of 43 days) from decoked 
grounded (<45µm) spent catalyst whereas the highest Ni leaching efficiency (94%) was 
achieved from the as-received spent catalyst in 2-step bioleaching of A. niger. Fungal 
growth was not observed in 1-step bioleaching (for A. niger and P. sp), indicating metal 
toxicity to the fungal spores on direct contact with the catalyst. Cell free spent medium 
leaching was not found as effective as bioleaching, mainly due to the presence of low 
concentration of acids (mainly citric acid) in the spent medium. Chemical leaching was 
performed using commercial organic acids (i.e. citric, gluconic and oxalic) individually as 
well as a mixture at the same concentrations as that of biogenicaly produced (for A. niger
and P. sp). Citric acid was found to be the main lixivant, and a higher metal extraction was 
xi
realized in bioleaching. A study on the initial sucrose concentration for A. niger showed 
that citric acid concentration increased with an increase in sucrose concentration, up to 160 
g/l of sucrose, which also resulted in a higher leaching efficiencies of the metals. 
Metal recovery from A. niger and P. sp in the bioleached liquor was examined using three 
commercially available ion exchange resins (IER): Lewatit TP-207, Purolite S-930 and 
Amberlite IRC-748. The study showed that the selectivity of the resins was significantly 
influenced by the type of resin, and the metal uptake capacity was influenced by the 
solution pH. Except for Amberlite in the P. sp system, all these three IER have higher 
selectivity for Ni, and Lewatit TP-207 showed the highest Ni selectivity with 100% Ni 
uptake from both bioleachate. Due to the lower pH in A. niger bioleachate, a lower total 
metal adsorption capacity was observed compared to that of the P. sp. In the desorption 
study with 2M HNO3, no favorable selectivity was observed for any specific metal. The 
overall Ni recovery was found to be approximately 81% with Lewatit TP-207.
xii
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All economic engines of the world demand energy and much of this energy is supplied by 
the petroleum industry. While the postulated scarcity of crude oil has sparked off research 
into alternative energy sources (i.e. nuclear power, solar energy, biofuel), a 2004 report 
published by the statistical information collection and analysis branch of the department 
of Energy (US) shows that the demand for petroleum has no sign of regression: “world 
crude oil demand has been growing at an annualized compound rate slightly in excess of 
2 percent in recent years” [Wood et al., 2004]. However like most other raw materials, 
crude oil requires refining and processing. These processes involve the use of solid 
catalyst. Four major types of catalysts are commonly used in various refinery operations. 
These are alkylation, fluid catalytic cracking, hydroprocessing and reforming catalysts. 
Among the catalysts, hydroprocessing catalyst is the most demanded catalyst in terms of 
value, and in the future, the percentage of the cost of other catalyst may be suppressed 
further by hydroprocessing catalysts [Furimsky, 1996]. Like all other catalyst, the 
hydroprocessing catalyst also goes through deactivation process. The activity gradually 
decreases though this decrease can be off set by changing some operational parameters. 
However, at certain point, catalyst replacement is inevitable. Several alternative methods 
such as disposal in landfills, reclamation of metals, regenerationthe refiners to deal with 
the spent catalyst problem [Chang, 1998; Trimm, 2001]. Among the alternatives, the best 
2way of dealing with the spent catalyst, unfortunately can only be applied for a few times 
and on limited number of catalytic systems. Land filling as the mean of disposal of the 
spent catalysts is becoming increasingly difficult; both due to the unavailability of land 
fill space as well as the concern for the pollution arising from toxic metal leaching.
Beside the serious environmental threat, hydroprocessing catalyst is also identified as one 
of the important potential sources of critical metals such as Ni, Co, Mo, W, V, Cr, Cu and 
Zn. Thus, hydroprocessing catalyst may in fact be considered as a secondary ore. 
Considering all these facts, the utilization of spent refinery catalysts for metal recovery is 
becoming potentially viable. By ensuring metal recovery from hydroprocessing catalysts 
we will not only be able to meet environmental regulations but also achieve resource 
conservation. However, the conventional methods which are currently used for the metal 
recovery have several drawbacks. For instance, hydrometallurgical process (i.e. chemical 
recovery) entails the use of inorganic acids in large scale processing operation which 
generates large volume of potentially hazardous waste and gaseous emission, while 
pyrometallurgical process demands huge energy. Thus the high cost and the negative 
environmental impacts of conventional methods warrant investigation into the possible 
use of an alternative technology (such as bioleaching) for the recovery of metals from the 
spent catalyst.
Bioleaching processes are “based on the ability of microorganisms (bacteria and fungi) 
to transform solid compounds, via the production of organic or inorganic acids which 
results in soluble and extractable elements that can be recovered” [Krebs et al., 1997]. 
Several types of microorganisms play an important role in bioleaching. These include 
3chemolithoautotrophic bacteria, heterotrophic bacteria and fungi [Schinner and 
Burstaller, 1989; Krebs et al., 1997; Bosecker, 1997]. The ability of a variety of 
microorganisms  to mobilize and leach metals from solid materials is based on three 
principles, namely (1) transformation of organic and inorganic acids (protons); (2) 
oxidation and reduction reactions; (3) the excretion of complexing agents. The 
advantages of bioleaching process compared to the conventional pyro or 
hydrometallurgical process are: (1) Leaching agents are produced in situ (No need for 
transportation. At the same time raw material cost is greatly reduced); (2) Formation of 
micro-climate around particles with elevated concentrations of leaching agents; (3) 
Microbial selectivity depending on strain used and leaching conditions; (4) Increase in 
leaching efficiency; (5) Excretion of surfactants; (6) Low energy demand; (7) No 
emission of gaseous pollutants [Krebs et al., 1997; Brombacher et al.,1997]. The main 
focus of bioleaching was initially the recovery of metals from insoluble metal sulfide 
minerals in mining ores, based on the ability of microorganisms to oxidize reduced iron 
and sulfur compounds. Patents on pilot or commercial-scale bioleaching plants have been 
published, with most focusing on low-grade ore [Brombacher et al., 1997]. Recently, 
there have been some interests in the application of bioleaching from mining ores to 
industrial wastes, as increasingly vast quantities of hazardous industrial wastes (such as 
spent catalyst, electronic scrap material, fly ash, slag and filter dust) have been generated 
[Briand et al., 1999; Brandl et al., 2001; Faramarzi et al., 2004; Aung and Ting, 2005; 
Santhiya and Ting, 2005, 2006].
4Most of the knowledge up to now has been derived from chemolithoautotrophic 
microorganisms of the genus thiobacillus. However for the processing of solid waste (e.g. 
spent catalyst) chemolithoautotrophic microorganism may not provide any advantages 
compared to heterotrophic microorganism, especially heterotrophic fungi such as 
Aspergillus niger (A. niger) and Penecilium simplicissium (P. sp) because (1) a great part 
of the mentioned leaching materials contains no energy source for the growth of 
chemolithoautotrophic bacteria which depends on the oxidation of sulfur or reduced iron 
and sulfur compounds; (2) the ability of fungal leaching agents (organic acids) to form 
complexes with the metal ions is an advantage in order to increase the solubility of metal  
ions in neutral environments and in order to reduce the toxicity of metal ions; (3) Fungi 
can grow well over a wide range of pH (1.5-9.8) where chemolithotrophic can grow over 
a very limited pH range (2-3) lot of metal containing solid waste increase the pH of 
medium out of suitable range for the chemolithoautotrophic bacteria [Burgstaller and 
Schinner, 1993]. Therefore, heterotrophic fungi such as A. niger and P. sp species may 
potentially be used in bioleaching of hydroprocessing spent catalyst.
1.2 Objectives & Scope
To date, there are a large number of publications on the winning of metals from low-
grade ores as well as on mining wastes through traditional bacterial bio-hydrometallurgy. 
Also the production of organic acids, enzymes and antibiotics by fungi is well 
documented. However, there are only a few publications which focus on refinery 
hydroprocessing (NiMo) spent catalyst bioleaching by microorganisms (in particular, A. 
niger & P. sp). Several objectives are designed for this thesis in order to increase the 
5understanding of both these species in the metal winning and recycling process as well as 
the subsequent recovery of metals from the bioleachate.
The overall objective of the present study is to investigate the ability of two heterotrophic 
fungi- A. niger and P .sp to leach metals from spent refinery hydroprocessing (NiMo) 
catalyst and investigate the effectiveness of three commercial chelating resins for the 
selective recovery metals from bioleachate.
The specific objectives of this research and their scopes are as follows:
1. To characterize some of the physical and chemical properties of NiMo 
hydroprocessing catalyst (fresh catalyst, as received spent catalyst, decoked ungrounded 
spent catalyst as well as decoked grounded spent catalyst). These characterizations 
include:
 Determination of overall elemental composition, as well as elemental distribution. 
 Determination of mean particle size, specific surface area, average pore volume, 
morphology as well as crystal structure of the catalyst. 
 Determination of the toxicity characteristic leaching procedure (TCLP) of various 
spent catalysts.
2. To evaluate the potential of A. niger and P. sp to leach metals from as-received spent 
catalyst, decoked ungrounded spent catalyst as well as decoked grounded spent catalyst. 
This includes:
 A study on pure culture of A. niger and P. sp.
 A study on 2-step bioleaching of spent catalyst by A. niger and P. sp.
6 A study on 1-step bioleaching of spent catalyst by A. niger and P. sp.
 A study on spent medium leaching.
3. To conduct chemical leaching
 In order to evaluate the relative contributions of the biogenically produced 
organic acids (citric, oxalic and gluconic acid) in bioleaching by A. niger and P. 
sp at various acid concentrations, 
 In order to obtain an insight into the bioleaching mechanism at the concentration 
produced during bioleaching at the same concentration as that biogenically-
produced during 2-step bioleaching, and at 43 days.
4. To investigate effect of sucrose concentration in bioleaching process (A. niger): batch 
vs. fed batch
5. To recover metal in bioleachates using ion-exchange resins (i.e. Lewatit TP-207, 




2.1.1 Introduction of Bioleaching
Bioleaching, which is a metal solubilization process involving the use of microorganisms,
may have been used since prehistoric times; the Greeks and Romans probably extracted
copper from mine water more than 2000 years ago, using bioleaching. However, it has
been known only for about 50 years that bacteria are mainly responsible for the
enrichment of metals in water from ore deposits and mines [Bosecker, 1997]. Microbial
leaching are been increasingly applied for metal recovery from low-grade ores and
concentrates that cannot be processed economically by conventional method.
Recently, there have been some interests in the application of bioleaching in industrial
wastes, as increasingly vast quantities of hazardous industrial wastes (such as fly ash, 
slag and filter dust) are generated. Bioleaching of solid waste allows recycling of
extracted metals, similar to natural biogeochemical metal cycles, and diminishes the
demand for resources such as ores, energy and landfill space [Krebs et al., 1997;
Brombacher et al., 1998]. Compared with conventional thermal solid waste treatment
techniques, bioleaching is also considered to be environmentally friendly and a ‘cleaner’
technology process as it is economic and not energy-intensive in the removal and
recovery of metals [Brandl et al., 1997; Krebs et al., 1997]. In fact, Agenda 21 adopted at
the 1992 Earth Summit in Rio de Janeiro, Brazil, established that there is a strong
8requirement to support sustainable development, including ecological treatment and safe
disposal of wastes. Governmental regulations and research policies that favor ‘green’
technologies are key incentives for developing such processes too [Brandl et al., 1997; 
Brombacher et al., 1997; Brombacher et al., 1998]. Bioleaching of Spent hydroprocessing 
catalyst is thus a step in this direction. Bioleaching has been described as a new and 
promising technology for obtaining valuable metals from mining or industrial waste 
products or for the detoxification of the wastes. Various definitions of bioleaching have 
been given. These include the following:
 “The winning of metals with the aid of bacteria, based on the capacity of certain bacteria 
of the genus Acidithiobacillus to convert sparingly soluble metal compounds by 
biochemical reaction mechanisms into water-soluble metal sulfates.” [Bosecker, 1987]
 “Extraction by solubilization of metal values from ores, mediated by microbes; may 
involve enzymatic oxidation or reduction of ore minerals, or attack of the minerals by 
metabolic products with corrosive properties.” [Ehrlich, 1992a]
 “Bioleaching processes are based on the ability of microorganisms (bacteria, fungi) to 
transform solid compounds resulting in soluble and extractable elements which can be 
recovered.” [Krebs et al., 1997]
 “Process based on the ability of microorganisms (bacteria, fungi) to transform
compounds in a way that their elements can be extracted from a material when water is 
filtered through it.” [Brandl et al., 1997]
92.1.2 Bioleaching Microorganisms
Microorganisms play important roles in the environmental fate of toxic metals with a
multiplicity of physico-chemical and biological mechanisms effecting the transformations
between the soluble and insoluble phases [White et al., 1997]. Knowledge of the
microorganisms that are involved in bioleaching processes is therefore highly essential.
Basically, three groups of microorganisms are used for the leaching process, namely
chemolithoautotrophic bacteria, heterotrophic bacteria and heterotrophic fungi [Schinner and 
Burgstaller, 1989; Krebs et al., 1997]. A list of selected microorganisms that mediate
bioleaching of various industrial wastes or ore and their properties is shown in Table 2.1.
Table 2.1 Selected important microorganism that mediate bioleaching [Krebs et al., 1997]





ferrooxidans 2.5-3.0 Ferric iron Cu-Pb-Zn Concentrate [Tipre and Dave,2004]
Acidithiobacillus 
ferrooxidans
1.4-6.0 Ferric iron, 
H2SO4
-Dross furnace matter power [Olson et al., 1990]
-Belt filter press solids [Clark and Ehrlich, 1998]
  -Electronic scrap [Brandl et al., 2001]
Acidithiobacillus
thiooxidans .5-6.0 H2SO4
   -Electronic scrap [Brandl et al., 2001]
-MSW incineration fly ash [Krebs et al., 1997]
Sulfobacillus 






    -Industrial waste [Brombacher et al., 1997]






  -MSW incineration fly ash [Bosard et al., 1996; 
Xu and Ting, 2004]






-Industrial filter dust [Scinner and Burgstaller, 
1989; Muller et al., 1995]




Chemolithoautotrophic bacteria maintain the metabolism via oxidizing inorganic reduced 
compounds such as S, S2-, Fe2+ or H2 and reducing carbon dioxide to organic compounds
for the synthesis of new cell material [Bosecker, 1997]. Most chemolithoautotrophs are
aerobic. Table 2.1 shows some commonly used chemolithoautotrophic bacteria including
Acidithiobacillus thiooxidans, and Acidithiobacillus ferrooxidans.
 Heterotrophic Bacteria
Heterotrophic bacteria obtain energy through the oxidation of some organic compounds,
such as sugars, alcohols, lipid and hydrocarbons [Shuler and Kargi, 1992]. Growth of
heterotrophic bacteria is influenced by the concentration of nitrogen, sulfur, phosphorus
and other trace elements where degradation of organic compounds will terminate if
nitrogen and phosphate compounds are low in concentration. The genus Bacillus and 
Pseudomonas are the most effective in metal solubilization. 
 Fungi
Fungi are heterotrophic eukaryotes which lack of chlorophyll and require pre-formed
organic carbon and energy source. It contains a real nucleus and normally forms mycelia.
Fungi typically reproduce asexually and/or sexually by producing spores, and grow either
reproductively by budding or non reproductively by hyphal tip elongation. They are
aerobic organisms and thus oxygen supply is necessary. Heterotrophic fungi can 
withstand a much wider pH range compared to chemolithoautotrophic bacteria. This 
ability to grow under a high pH, coupled with its ability to reduce toxicity through 
complexation of metal ions enables it to mediate bioleaching reaction with alkaline 
secondary waste residues such as MSW fly ash [Burgstaller and Schinner, 1993].
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Filamentous fungi which are capable of bioleaching include the genus Aspergillus which
have black, brown or green spores, and the genus Penicillium which is well-known in
producing Penicillin as an effective treatment of infectious diseases [Bosecker, 1997].
Figure 2.1a shows the genus Aspergillus and genus Penicillium. These species are
filamentous fungi known as molds and possess a mycelial structure, which is a highly
branched system of tubes that contain mobile cytoplasm with several nuclei and may
consist of more than one cell of related type [Bailey and Ollis, 1986; Shuler and Kargi,
1992]. The long thin filaments of cells within the mycelium are called hyphae as shown
in Figure 2.1a. 
Figure 2.1a: Hyphae of Aspergillus and 
Penicillium [Bailey and Ollis, 1986]     
Figure 2.1b: Schematic diagram of 
mycelial growth by branching and chain 
elongation [Posten and Cooney, 2001]
Asexual spores called conidia are also formed on the aerial branches of the mycelium and 
are nearly spherical in structure and often pigmented. Both sexual and asexual spores of 
molds can germinate and form new hyphae [Shuler and Kargi, 1992]. In fact, molds 
predominantly grow by the process of hypha chain elongation (eg. Elongation at the tip,
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also called apical growth) and branching, as shown in Figure 2.1b [Posten and Cooney, 
2001]. The mycelia may then exist along with dispersed, diffuse mycelia or may form 
pellets. The form of growth has an important effect on growth and product formation. 
Fungi are capable of oxidizing substrate only partially and then secreting it. This
incomplete oxidation causes the accumulation of organic acids, which are able to extract
metals from solid materials. These organic acids may be categorized into two groups: 
those derived from sugars by simple oxidation (gluconic acid, koji acid), and those which 
are related to tricarboxylic acid intermediates (citric acid, oxalic acid and malic acid). 
Figure 2.2a illustrates the general metabolic relationship between organic acids (gluconic, 
citric and oxalic acids) produced by A. niger.
Figure 2.2 a: Metabolic relationships 
between organic acids produced by 
A.niger [Kubeck et al., 1994];
Figure 2.2 b: Summary of TCA cycle 
[Crueger and Crueger, 1990]
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Gluconic acid results from the conversion of glucose by glucose oxidase. The
biochemistry involved is rather straightforward. In contrast to gluconic acid formation,
the biosynthesis of citric acid in fungi involves glycolysis and tricarboxylic acid cycle
(TCA cycle). Glycolysis is the conversion of glucose to pyruvate by the Embden-
Meyerhof Parnas (EMP) Pathway, Pentose Phosphate (PPP) Pathway or Enter-Doudoroff
(ED) Pathway. Of these, EMP is the most common and important pathway [Elizabeth, 
1972]. Pyruvate is then oxidized to carbon dioxide and water in the TCA cycle and at the
same time, accumulation of citric acid occurs within the cycle (Figure 2.2b). For the
oxalate biosynthesis in fungi, three possible pathways may be involved: formation of
oxalate by splitting of the oxaloacetate which does not enter the TCA cycle; formation of
oxalate by splitting of the oxaloacetate which arises from the TCA cycle, and formation
of oxalate from glyoxylate via the glyoxylate cycle [Gadd, 1999].
2.2 Bioleaching Mechanisms
Bioleaching mechanisms can be classified into direct leaching and indirect leaching.
Direct leaching is described as an enzymatic attack of the solid structure, while indirect
leaching refers to non-enzymatic attack of the solid structure with corrosive metabolic
products such as acids, CO2 and ligands [Brandl et al., 1997; Brombacher et al., 1998].
2.2.1 Bacterial Leaching Mechanisms
Both direct leaching and indirect leaching can take place in bacterial leaching. These
actions may sometimes be beneficial to the microorganisms by providing energy sources
for growth or reproduction, while the actions may be harmful to microorganisms if the
leached metals cause a toxic effect to the microorganisms [Ehrlich, 1992a].
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2.2.1.1 Direct leaching
Direct leaching requires physical contact between the microbes and the solid surface for
electron transfer. Direct leaching of metals from a solid structure may occur through
oxidation or reduction, which involves the transfer of electron either from the solid
structure (oxidation) to an electron acceptor (normally oxygen); or the injection of
electrons into the solid structure from electron donor such as H2 (reduction). Only
prokaryotic cells are able to operate direct leaching because the catalytic system for
electron transfer is located in their cell envelope [Ehrlich, 1992a; Ehrlich, 1992b].
Bacteria acquire energy during the oxidation of the solid in direct leaching. Metals and
metalloids play a role as electron donors or acceptors in energy metabolism of microbes
[Ehrlich, 1992a]. Some reduced metal species may serve as the electron donors in the
metabolism of chemolithoautotrophic bacteria. For instance, Acidithiobacillus
ferrooxidans obtain energy from the oxidation of Fe2+ to Fe3+ [Ehrlich, 1997]. The
reactions below describe the direct leaching of metal sulfides, which is oxidized to iron
(III) sulfate finally [Bosecker, 1997]:
4FeS2+15O2+2H2O 2Fe2 (SO4)3 +2H2SO4                        (2.1)             
Some oxidized metal species may serve as the terminal electron acceptors in the
metabolism of heterotrophic bacteria. The heterotrophs release useful energy to oxidize
the organic, become electron donor, and use the metal moiety in the solid as terminal
electron acceptor. Such activities are favored by anaerobic bacteria under slightly acidic
condition. The equations below show the reactions of direct leaching by reduction of Mn 




CH3COO- + 2H2O    8e-+ 2CO2 + 7H-                            (2.2)
8e- + 4MnO2 + 16H+ 4Mn2+ + 8H2O                             (2.3)
2.2.1.2 Indirect leaching
Indirect leaching involves the excretions of metabolic products that act as chemical
oxidants or reductants to mobilize the metal ions [Ehrlich, 1992a]. The metabolic
products include organics such as organic acids and ligands, or inorganic metabolic
products such as carbonate or phosphate ions. Both prokaryotes and eukaryotes are
capable in indirect leaching [Ehrlich, 1997]. Indirect leaching involves acidolysis,
complexolysis, redoxolysis, alkalolysis, bioaccumulation, or combination of these
mechanisms [Ehrlich, 1992a; Burgstaller and Schinner, 1993; Bosshard et al., 1996]. The
first four processes are abiotic reactions involving the excretion of metabolites. The
bioaccumulation process is the biotic accumulation of metal ions by cell biomass.
Redoxolysis occurs often in bioleaching by chemolithoautotrophic bacteria, while
acidolysis, complexolysis, alkalolysis, and bioaccumulation occur often in bioleaching by
heterotrophic fungi [Burgstaller and Schinner, 1993]. These four mechanisms will be
discussed in Section 2.2.2. Redoxolysis mechanism is the oxidation or reduction of 
metals via metabolites excreted by the autotrophic bacteria. An example of this 
mechanism is the bioleaching of metal sulfides by A. ferrooxidans. This species oxidizes 
ferrous iron to ferric iron, which is a powerful oxidizing agent that is able to oxidize 
metals into a soluble form in a sulfuric acid solution. During metal solubilization, ferrous 
ion is regenerated and sulfur is deposited and subsequently oxidized to sulfuric acid. The 
limiting step in this process is the reoxidation of ferrous iron [Ehrlich, 1992a]. Thus, iron 
is bound in the cell envelope and acts as electron conductor during direct leaching, and 
16
becomes free ferric iron in bulk solution that acts as oxidants in indirect leaching 
[Ehrlich, 1997]. 
Indirect leaching of metal sulfides is described by the reactions shown below:
2Fe2+ + 2H+ + 1/2O2 2Fe3+ + H2O                                         (2.4)
MS + 2Fe3+ M2+ + 2Fe2+ + S0                                          (2.5)
S0 + H20 + 3/2O2                                   H2SO4                                                        (2.6)                                                          
2.2.2 Fungal Leaching Mechanisms
Metal leaching by heterotrophic microorganisms generally involves an indirect process
with microbial production of organic acids (e.g. lactic acid, oxalic acid, citric acid,
gluconic acid), amino acids, and other metabolites via acidolysis, complexolysis,
alkalolysis, and bioaccumulation as mentioned previously.
2.2.2.1 Acidolysis
Acidolysis is a fast and dominant leaching mechanism in fungi bioleaching. It is a
process which involves the protonation of oxygen atoms in the metal compound. The
protonated oxygen then combine with water, resulting in the metal oxide being detached
from the solid surface and being solubilised [Burgstaller and Schinner, 1993]. The
common acids secreted by heterotrophs are lactic, oxalic, gluconic, acetic, citric,
succinic, pyruvic and formic acids [Ehrlich, 1992a]. These assist in creating a low pH
environment which enhances the bioleaching of metals. Organic acids produced and the
proton-translocating ATPase of the plasma membrane are the sources of protons, which
decrease the availability of anions to the cations in metal compounds, thus causing the
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solubilization of metal ions [Gadd and Sayer, 2000]. Equation (2.7) shows an acidolysis
reaction in general. The amount of metal oxides solubilized results from the maximum
amount of protons obtained from the organic acids [Burgstaller et al., 1992]
MO + 2H+ M2++ H2O                                                      (2.7)
Where MO is the metal oxide.
2.2.2.2 Complexolysis
While the organic acids formed from the heterotrophs participate in acidolysis, the
relatively slower mechanism of complexolysis also takes place because the organic acids,
some of which are powerful natural chelating agents, form a metallic complex with the
metals from the material to be bioleached [White et al., 1997]. The solubilization of metal
ions is based on the complexing capacity of a molecule. If the bonds between metal ions
to ligands are stronger than the lattice bonds between metal ions with solid particles,
metal will be successfully leached out from solid particles [Ehrlich, 1992a].
Complexolysis, which often combines with acidolysis, stabilize the metal ions that are
solubilized into solution by acidolysis. The stability of metal complexes also reduces the
toxicity of metal ions to the microorganism [Burgstaller and Schinner, 1993]. Stable 
complexes could be formed between the organic ligands with metal ions, such as oxalic 
acid and iron, citric acid and magnesium, phenol derivatives and some amino acids with 
metal ions. The production of low molecular weight iron chelating siderophores by fungi 
or bacteria also enables solubilization of iron (III) [Gadd and Sayer, 2000]. It has been 
found that amino acids are released together with organic acids [Müller et al., 1995].
Both groups of compounds provide protons and complexing capacity for metal
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solubilization. In most cases of metal solubilisation by heterotrophic microorganisms, the
organic acids are the lixiviant (leaching agent) and excreted amino acids are also able to
solubilize metals. However, it is found that leaching through amino acids is not of great
importance for fungi in general as amino acid efflux is rare among filamentous fungi
[Müller et al., 1995]. The complexation of metal ions with citrate was found to result in
the formation of highly mobile species and therefore allows transport and activity of toxic
metals at a distance from their source [White et al., 1997]. However, metals interaction
with oxalic acid could ultimately lead to the formation of insoluble oxalates which could
immobilize toxic metal species. Most metal oxalates are immobile and resistant to further
solubilization, with only a few species of anaerobic bacteria, aerobic actinomycetes,
bacteria and fungi able to degrade them readily [White et al., 1997].
2.2.2.3 Alkalolysis
The enzymatic hydrolysis of urea or deamination of amino acids by microbes, when these
compounds are used as the energy source, results in the production of ammonia which is
able to leach metals by the alkalolysis process. This mechanism is very effective in
mobilizing metals in silicates or aluminosilicates [Ehrlich, 1992a]. This mechanism
enables bioleaching to take place at high pH.
2.2.2.4 Bioaccumulation
Bioaccumulation is the only mechanism that does not involve the excretion of
metabolites. Bioaccumulation occurs when the solubilised metal ions accumulate within
the mycelia of the heterotrophic fungi through passive adsorption and active metabolic
reactions, thereby enhancing further metal solubilisation into the solution through a
process of non-equilibrium between the solid and the solution [Burgstaller and Schinner,
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1993]. This could be interpreted as the mycelium functioning somewhat as a sink for
metal ions [Bosshard et al., 1996]. Fungal cell wall contains many different functional
groups (e.g. hydroxyl, amine, carboxyl, phosphate and sulfate groups) which are able to
bind metal ions to a greater or lesser extent [Kapoor and Viraraghavan, 1995]. Among the
filamentous fungi, the genera of Aspergillus and Penicillium have been reported to have
high ability to accumulate heavy metals and radionuclides from their external
environment [Volesky, 1991].
The fourth advantage is energy source. Chemolithoautotrophs bioleaching of sulfide
minerals is accompanied by a conservation of energy in microorganisms. However,
bioleaching of industrial waste products that mostly contain metal oxides do not serve as
an energy source for the microorganisms which require oxidation of sulfur or reduced
iron and sulfur compounds [Bosecker, 1997]. Thus, the chemolithoautotrophs do not gain
benefit from the bioleaching of industrial wastes. Fungi leach metals by the excretion of
metabolites, and involve several indirect leaching mechanisms such as acidolysis and
complexolysis of metal ions. Energy for growth and organic acid excretion is externally
supplied through the organic substrates in the medium. 
The main drawback on the use of heterotrophic fungi is the need for a significant amount 
of organic carbon source for growth and for the production of leaching agents [Bosecker, 
1997]. Thus, bioleaching using heterotrophs needs a higher operating cost compared with 
chemolithoautotrophs. However, this could be solved by using less expensive alternatives 
such as organic waste products from fermentation processes including those from the 
food and beverage industries.
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2.3 Factors Influencing Bioleaching
The effectiveness of bioleaching is highly dependent on the physical, chemical and
biological factors in the system. The maximum yield of metal leaching may be achieved 
when all these parameters are considered and the overall process optimized collectively.
Nutrient
The nutrient should not only support microbial growth, but also allow a maximum 
production of the necessary metabolites in bioleaching. These nutrients can be chemical 
elements and/or compounds and depend on their utilization by the microorganisms as 
energy sources or as building blocks for it biosynthesis. For chemolithoautotrophs, 
inorganic iron and sulfur compounds are required, and are sometimes available from the 
mineral leached [Bosecker, 1987]. For fungi, appropriate organic substrates should be 
supplied to heterotrophs for the production of leaching agents. In the case of A. niger for 
instance, sucrose has been reported to give a higher yield of organic acids than other 
sugars such as fructose, lactose and galactose [Hossain et al., 1984]. Ammonium, 
phosphate and magnesium salts are generally supplied to support an optimum growth of 
microorganisms [Bosecker, 1997]. Furthermore, nutrient supply should be in optimal 
concentration to obtain a high leaching efficiency.
 Inoculum
Pre-culturing of microbes usually brings about an increase in the bioleaching efficiency
since this allows a higher cell density and metabolite concentration to be attained before
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the solid wastes are introduced (after which the bioleaching begins). This approach also
results in a reduction in the toxicity of the metals to the microorganisms. However,
although a denser microbial population can also be attained through the use of a larger
inoculum size, it has also been noted that the production of organic acids does not depend
directly on the total biomass production [Pintado et al., 1998]. Indeed, a lower acid
concentration may result from an excess biomass inoculum [Blair et al., 1991; Crolla and
Kennedy, 2001]. Thus, inoculum size should be carefully selected for optimum
bioleaching. 
 Metal Resistance of Microorganism
The leaching of substrates is accompanied by an increase in metal ion concentration in
the leachate. The presence of high concentration of particular metal ions naturally inhibits
the growth of microbes through several mechanisms including the blocking of essential
functional groups of biologically important molecules, the induction of changes in
conformational polymers, the influence on membrane integrity and transport processes,
and the displacement and/or substitution of essential metals ions from biomolecules and
functional cellular units [Burgstaller and Schinner, 1993]. Different genus of 
microorganisms or even different strains of the same species may show completely 
different sensitivities to heavy metals. Hence, microbes that exhibit high tolerance or 
have become adapted to high concentrations of soluble heavy metals in the leach 
suspension should be selected for bioleaching process. 
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Temperature
Temperature affects bioleaching processes via two competing factors: first the
enhancement in reaction rate usually brought about by an increase in temperature, and
second, an increase and then decrease in microbial activity as the temperature increases
and approaches the upper tolerance limit of the microorganisms. The competition
between these two factors becomes greater if mesophilic and especially psychrophilic
microorganisms are used in bioleaching. Hence, suitable temperature range for 
bioleaching should be adopted in order to provide an optimal condition for microbial 
growth and reaction.
pH and Redox Potential
pH of the medium should be optimal for the maximum growth of the microorganisms, as
well as provide a solution with a suitable pH range for the solubilization of metals. It is
known that the most favorable conditions for leaching the majority of metals occur at low
pH because most metals are soluble at low pH. Thus, pH adjustment with inorganic acid 
is necessary especially when acidophilic bacteria are used in bioleaching. The genus
Acidithiobacilli has a pH range for optimum growth at around 2-2.5. However,
heterotrophic fungi has been found to withstand a much wider pH range compared to
chemolithoautotrophic bacteria and many can produce organic acids which can solubilise
and complex metal cations [White et al., 1997] The oxidation-reduction potential is 
another important factor in a chemolithoautotroph bioleaching system. To allow the 
production of oxidizing agent Fe3+, a positive redox potential starting from 300mV is 
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required. As a consequence of the oxidation of Fe2+, standard oxidation-reduction 
potential of around 600 mV is reached [Bosecker, 1987].
Oxygen and Carbon Dioxide
Several mass transfer operations occur in a bioleaching operation. Nutrients have to reach
the attached and suspended cells, metabolic products have to migrate from the cells to the
liquid, and solubilised species must be transported from the surface of the mineral
particles to the liquid. Among these nutrients, oxygen and carbon dioxide are more
important than others because they regulate the metabolic pathway in the production of
organic acids or other leaching agents in bioleaching [Burgstaller and Schinner, 1993].
Aerobic and anaerobic microorganisms are involved in many bioleaching processes.
Therefore adequate oxygen or carbon dioxide should be supplied for optimum growth
and activity. Aeration, stirring or shaking are some of the common methods employed in 
the laboratory to supply oxygen or carbon dioxide to the microbes. 
Chemistry of Solid Waste
The mineralogical composition of the leaching substrate is of primary importance
because it affects the bioleaching rate and efficiency. High toxic metal composition
inhibits microbial growth and decreases the bioleaching rate and efficiency. The chemical
state of the metal compound in solid waste also affects the bioleaching efficiency. Metal
compound presents in water-soluble or acid-soluble form leaches out more easily in the
leaching system. 
Particle Size
Particle size of the substrate is another factor which affects the rate of leaching. A
decrease in solid residue size increases the specific surface area, which correspondingly
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increases the contact area between the leaching agents with the solid particles. As a 
result, higher leaching rate and leaching yield can be achieved without a change in the 
total mass of the particles. However, particle size reduction might be destructive also for 
the growing microorganism.
Pulp Density
A higher concentration of the solid pulp density results in a higher solid to liquid ratio.
Although this increases the concentration of heavy metals in the leaching environment,
the increase in concentration of the leached metals and the resultant toxicity may inhibit
the growth of the microorganisms and the production of acid(s). Thus, there exists an
optimum pulp density for the bioleaching process [Bosecker, 1987]. 
 Bioleaching Period
Bioleaching requires a longer period (up to several or tens of days) to extract heavy 
metal, compared to chemical leaching or other conventional treatment techniques which 
can be completed within a few hours. Acidithiobacilli is a slow growing bacteria that may
require a few weeks to complete the bioleaching process, while fungi generally show a
shorter lag phase and bioleach at a faster rate. The lag phase of these microorganisms last
longer under high concentration of toxic heavy metals or unsuitable conditions in
leaching environment, which is common in solid waste bioleaching [Bosshard et al., 
1996]. Sufficiently long period should be provided for the microbial growth and
metabolites production in order to achieve maximum leaching efficiency.
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2.4 Bioleaching Application
Bioleaching technology is an environmentally friendly process, but is less well developed
compared with conventional physical/chemical treatment technologies. Although the 
main focus of bioleaching originally was the recovery of metals from insoluble metal 
sulfides and low grade ores, it has been demonstrated that the same microorganisms may 
be used to detoxify industrial waste products and to remove highly toxic or recover 
valuable metals from solid wastes. As public pressure and legislation progressively 
reduce options for the disposals of toxic metals into the environment, effective biological 
methods will increasingly find commercial application. The heterotrophs are of great 
potential in the leaching of heavy metals from alkaline industrial waste products. Thus, a 
cheaper organic carbon source should be investigated to replace the refined sugars as 
substrates for heterotrophs. Besides reducing the operation cost for bioleaching processes, 
the use of organic wastes as microbial substrates can reduce the environmental problems 
caused by these wastes [Bosecker, 1997]. Investigation in genetic manipulation to 
produce strains with higher resistance to toxicity of metals is currently ongoing [Ehrlich, 
1992a]. Many major breakthroughs have been achieved in biohydrometallurgical 
processing. Consequently, what is required is a concerted effort by researchers to 
rationalize and optimize biohydrometallurgical processes [Rossi 2003].
2.5 Refinery Spent Catalyst
2.5.1 Introduction
Many types of spent catalysts have been produced in the petroleum refining and the 
production of petrochemicals commodity and fine chemicals. Among these industries, 
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petroleum refining is one of the largest manufacturing and processing industries in the 
world. Refining catalysts account for about one third of the total consumption [Furimsky, 
1996]. Four major types of catalysts are commonly used in various refinery applications. 
These are alkylation, fluid catalytic cracking, hydroprocessing and reforming catalysts 
which can be broadly classified into two groups-the solid and liquid acid catalysts. HF, 
H3PO4 or H2SO4 used in alkylation processes are the most widely used acid catalysts. The 
solid catalysts (fluid catalytic cracking, hydroprocessing and reforming catalysts) are 
usually of a non-noble and noble types.Non-noble metals catalysts include base metals 
and zeolites. Noble metals include a variety of precious metals from platinum group. In 
many cases, catalytically active metals are combined with a solid support such as 
alumina,silica,silica-alumina,zeolites,carbon,etc.In his review paper Furimsky(1996) 
presented that acids used for catalytic alkylation  account for about 89% of the volume of 
refinery catalysts, followed by cracking catalysts which account for about 9%. The 
remaining (about 2%) includes hydroprocessing, reforming and others. The situation is 
significantly different when the consumption is expressed on a dollar basis. Reforming 
catalysts account for less than 0.1% of refinery catalysts on the basis of volume, whereas 
almost 4% on the dollar basis. At present, cracking catalyst account for more than 40% of 
the cost but they may be surpassed by hydroprocessing catalysts in the future. 
2.5.2 Hydroprocessing Catalyst
Hydroprocessing is a general term that includes hydrotreating, hydrodesulphurization, 
hydrorefining and hydrocracking. Hydroprocessing invariably requires the use of 
catalysts to remove impurities and convert the oil into more usable products. The catalyst 
design has to take the consideration of the type of feed. Special attention has to be paid to 
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the textural properties of the catalysts such as pore diameter and pore volume. These 
parameters have to be optimized to ensure adequate surface area. The size and shape of 
the catalyst particles are important for the efficient operation as well [Ancheyta et. al., 
2005]. The catalysts used consist mainly of oxadies of nickel, cobalt and molybdenum on 
an alumina matrix. Some catalysts also contain phosphorus, titania or others elements. 
Spent catalyst contains additionally carbon from coke (up to 20%) and sulphur (up to 
about 10%) from the active phase of sulphided catalyst. Contaminating iron originates 
from corrosion of tanks, pipes and other equipment. Silica deposited from the 
decomposition of antifoaming agents. Arsenic exits in small concentration in some heavy 
crude [Scherzer and Gruia, 1996]. During hyroprocessing operations, the catalysts are 
loaded with sulfur, vanadium and coke whereas nickel, cobalt and molybdenum are 
converted into their respective sulfides. Currently spent hydrotreating and hydrorefining 
catalysts are classified as hazardous waste by environmental protection agency (EPA) in 
the USA (U.S. code of federal regulations (CFR) Title 40, Chapter 1, Part 261 
“Identification and Listing of Hazardous Waste”, 2001). As a hazardous waste, spent 
catalysts must undergo treatment before land fill.
2.6 Refinery Catalyst Deactivation Mechanism
All refinery catalysts are considered as spent after certain period of time while going 
through operation in the process unit. During the operation, catalyst activity starts to 
decrease with time due some physical and chemical process which occurs simultaneously 
with the main reaction. This process is called deactivation which infact plays the vital 
role to transform the fresh catalyst into spent catalyst. Catalyst deactivation is commonly 
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divided into four classes, namely poisoning, coking, fouling, sintering and phase 
transformation. 
Poisoning
Poisoning is the loss of activity due to the strong chemisorption on the active sites of 
impurities present in the feed stream. The adsorption of a basic compound onto an acid 
catalyst (e.g. isomerization catalyst) is an example of poisoning. A poison may act simply 
by blocking an active site (geometric effect), or may alter the adsorptivity of other 
species essentially by an electronic effect. Poisons can also modify the chemical nature of 
the active sites or result in the formation of new compounds (reconstruction).
Coking
For catalytic reactions involving hydrocarbons (or even carbon oxides) side reactions 
occur on the catalyst surface leading to the formation of carbonaceous residues (usually 
referred to as coke or carbon) which tend to physically cover the active surface. They 
may deactivate the catalyst either by covering of the active sites or by pore blocking. 
Coking can be effectively removed through various regeneration processes.
Deactivation by Metal Deposits
During hydroprocessing, part of the metals present in the feed will deposit on the catalyst 
surface and cause deactivation. The nature of the metals deposited depends on the origin 
of the feed. V and Ni are the predominant metals in petroleum crudes, heavy oils and oil 
shale- derived liquids, while Fe and Ti are the main metals in coal-derived liquids. 
Deactivation by metals is irreversible. 
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Deactivation by Sintering
Sintering usually refers to the loss of active surface via structural modification of the 
catalyst. This is generally a thermally activated process and is physical in nature. 
Sintering occurs both in supported metal catalysts and unsupported catalysts. In the
former case, reduction of the active surface area is provoked via agglomeration and 
coalescence of small metal crystallites into larger ones with lower surface-to-volume 
ratios. 
Deactivation by Solid State Transformation
Solid-state transformation is a process of deactivation that can be viewed as an extreme 
form of sintering occurring at high temperatures and leading to the transformation of one 
crystalline phase into a different one. These processes may involve both metal-supported 
catalysts and metal oxide catalysts as well. 
Deactivation by Other Causes
Certain catalysts may also suffer from loss of active phase. This may occur via processes 
like volatilization, e.g. Cu in the presence of Cl with formation of volatile CuCl2, or Ru 
under oxidizing atmosphere at elevated temperatures via the formation of volatile RuOx, 
or formation of volatile carbonyls by reaction of metals with CO [Bartholomew, 1984].
Finally, loss of catalytic material due to attrition in moving or fluidized beds is a serious 
source of deactivation since the catalyst is continuously abraded away. 
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2.7 Spent catalyst handling and utilization
Large quantities of catalysts are used in the refining industry for the purification and 
upgrading of various petroleum streams and residues. The catalysts deactivate with time 
and the spent catalysts are usually discarded as solid wastes. The quantity of spent 
catalysts discharged from different processing units depends largely on the amount of 
fresh catalysts used, their life and the deposits formed on them during use in the reactors. 
In most refineries, a major portion of the spent catalyst wastes come from the 
hydroprocessing units. The volume of spent hydroprocessing catalysts discarded as solid 
wastes has increased significantly due to a steady increase in the processing of heavier 
feed stocks containing higher sulfur, nitrogen and metal contents, together with a rapid 
growth in the distillates hydroprocessing capacity to meet the increasing demand for low-
sulfur fuels [Absi-Halabi et.al., 1997]. Environmental laws concerning spent catalyst 
disposal have become increasingly more severe in recent years. Spent hydroprocessing 
catalysts have been classified as hazardous wastes by the Environmental Protection 
Agency in the USA [Rapaport, 2000]. The most important hazardous characteristic of 
spent hydroprocessing catalysts is their toxic nature. Chemicals such as V, Ni, Mo and 
Co present in the catalyst can be leached by water after disposal and pollute the 
environment [Furimsky, 1996]. Besides the formation of leachates, spent 
hydroprocessing catalysts, when in contact with water, can liberate toxic gases. The 
formation of the dangerous HCN gas from the coke deposited on hydroprocessing 
catalysts that contains a substantial amount of nitrogen has been reported. The hazardous 
nature of the spent catalysts is attracting the attention of environmental authorities in 
many countries and the refiners are experiencing pressures from environmental 
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authorities for safe handling of spent catalysts. Several alternative methods such as 
disposal in landfills, reclamation of metals, regeneration/rejuvenation and reuse, and 
utilization as raw materials to produce other useful products are available to the refiners 
to deal with the spent catalyst problem [Chang, 1998; Trimm, 2001].
Handling of spent catalysts in general can be expressed according to the following block 
diagram. [Hassan, 2006]
The ultimate utilization depends on the type of spent catalyst. Precious metal, non 
precious metal or zeolite catalyst, would each have its individual utilization.
Utilization, usage in 
other application
       Recycling Disposal
Regeneration is not applicable or not economicRegeneration
Handling of spent catalysts
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 Current status of handling spent precious metal catalysts
 Current status of handling non-precious metal catalysts
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 Current status of handling spent zeolites and other solid acid catalysts:
The final choice amongst the options for different spent catalysts depends on technical 
feasibility and economic considerations [Marafi and Stanislaus, 2003].
2.7.1 Recovery of metals from spent catalyst
To assure an adequate supply of critical metals against the world huge demand, it is 
necessary to evaluate the potential recovery of these metals from secondary sources 
beside the natural resources. Spent hydroprocessing, high temperature shift and 
hydrogenation catalysts were identified as important potential sources of Ni, Co, Mo, W,
V, Cr, Cu and Zn in a bureau contact study [Siemens et. al., 1986]. For catalysts 
containing precious metals such as platinum and palladium, metals recovery processes 
are highly profitable. For spent hydroprocessing catalysts which contain Mo, Ni, Co, V 
and Al2O3, process economics for recovery of the metals are influenced by metals prices, 
metals content, transportation costs and purity of the recovered metals. Several 
Spent zeolites and other solid acid      
catalysts
Zeolites
-Utilization in cement plants
-Disposal in landfill.
Other solid acid catalysts




companies worldwide such as Gulf Chemical and Metallurgical Corporation (USA), Cri-
met (USA), Taiyo Koko Co. (Japan), Eurecat (France), Spent Catalyst Recycling 
(Germany), ACI-Industries (USA), Taiyo Mining and Industrial Co. (Japan), Aura 
Metallurgic (Germany), Sadaci (Belgium), FullYield Industries (Taiwan), etc. are 
involved in metals reclamation from spent hydroprocessing catalysts. Metal reclaimers 
use one of two methods: hydrometallurgy or pyrometallurgy. Hydrometallurgy dissolves 
the metals by leaching the catalyst with an acid or base. The metals are then recovered as 
marketable metal compounds or metals. Pyrometallurgy uses a heat treatment such as 
roasting or smelting to separate the metals. It melts the spent catalysts at high 
temperatures, often with the aid of a flux to lower the melting temperature and viscosity 
of the slag. The metals sink to the bottom of the melt and are recovered and sold. The 
catalyst base/substrate floats to the surface as a slag that can be recovered and sold as a 
commercial commodity. In the case of spent hydroprocessing catalysts, all components 
can be recovered without leaving any residue by these processes. The recovered metals 
such as Mo, V, Ni and Co could be used in steel manufacture and the alumina could be 
used for the manufacture of refractories, ceramics and abrasives .In recent years, beside 
high energy cost of these two processes, high costs of shipping and low metals 
concentrations have increased the total processing costs. These factors together with 
fluctuation in the market prices of recovered metals and their purity significantly 
influence the commercial viability of processes used for metal reclamation from spent 
hydroprocessing catalysts. This option is further complicated by the Basel Convention on 
the transport of spent hydroprocessing catalysts that are branded as hazardous wastes. All 
these factors make processing of spent hydroprocessing catalysts for metal reclamation 
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less attractive although due to the continuous rise of the cost of catalyst storage and 
disposal, the utilization of spent refinery catalysts for metal recovery is becoming a viable 
solution [Marafi and Stanislaus, 2003]. Under in these circumstances, bioleaching of 
metal can be a highly promising & sustainable metal reclamation process which can 
provide a complete solution to the environmental problem of spent hydropocessing 
catalysts in a profitable way. The advantages of bioleaching process compared to the 
conventional pyro or hydrometallurgical process are listed below [Krebs et. al., 1997]:
(1) Leaching agents are produced in situ (No need for transportation, also raw material 
cost is greatly reduced),
(2) Formation of micro-climate around particles with elevated concentrations of leaching 
agents,
(3) Microbial selectivity depending on strain used and leaching conditions.
(4) Increase in leaching efficiency
(5) Excretion of surfactants
(6) Low energy demand
(7) No emission of gaseous pollutants 
2.7.1.1 Metal recovery from metal containing solution
After the metals have been chemically or biologically leached, they remain to be 
recovered selectively in such a way that the recovered metals are in reusable state. 
Several alternative processes available for this purpose are listed below.
 Precipitation processes
Most of the common heavy metal ions, Fe, Cu, Zn, Ni etc. in metallurgical effluents can 
be precipitated as hydroxides, sulfides, carbonates or phosphate. Precipitation as 
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hydroxide using sodium hydroxide or lime (calcium oxide) and sulfide (using a soluble 
sulfide like sodium sulfide) is the most in effluent treatment mainly for economic 
reasons. In addition to the removal of metal ions, one of the main objectives of the 
effluent treatment is to selectively precipitate the individual metal ions by control of pH.
This is based on the variation with pH of the solubility of hydroxides and sulfides. 
Selective precipitation by pH control is the basis for one of the methods of metal 
recovery from effluents
 Ion Exchange Processes
Ion exchange is a reversible chemical reaction wherein an ion (an atom or molecule that 
has lost or gained an electron and thus acquired an electrical charge) from solution is 
exchanged for a similarly charged ion attached to an immobile solid particle. These solid 
ion exchange particles are either naturally occurring inorganic zeolites or synthetically 
produced organic resins. The synthetic organic resins are the predominant type used 
today because their characteristics can be tailored to specific applications. Synthetic ion 
exchange materials are commonly classified under four categories (i) strong acid resins, 
(ii) weak acid resins (iii) Strong base resins, and (iv) weak base resins. Chelating resins 
behave similarly to weak acid cation resins but exhibit a high degree of selectivity for 
heavy metal cations. 
Chelating Resins
Chelating resins are analogous to chelating compounds found in metal finishing 
wastewater; that is, they tend to form stable complexes with the heavy metals. A 
chelating resin exhibits greater selectivity for heavy metals in its sodium form than in its 
hydrogen form. Regeneration properties are similar to those of a weak acid resin; the 
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chelating resin can be converted to the hydrogen form with slightly greater than 
stoichiometric doses of acid because of the fortunate tendency of the heavy metal 
complex to become less stable under low pH conditions. Potential applications of the 
chelating resin include polishing to lower the heavy metal concentration in the effluent 
from a hydroxide treatment process or directly removing toxic heavy metal cations from 
wastewaters containing a high concentration of nontoxic, multivalent cations.
Redox Resins
In this class of cationic resins, ion exchange functional group consists of redox functional 
group, that is, one with reducing action. It serves a dual function; ion exchange coupled 
with a reaction leading to the reduction of metal ion to metal if that is reducible under the 
experimental conditions. The action of redox resins has been demonstrated by laboratory
studies and they may have some specific applications for the recovery of metals from 
dilute effluents, but no industrial application has been reported. For the ion exchange 
process to be economical it is necessary for the resins to be regenerated and reused for 
several cycles.
 Solvent extraction process
In the separation technique of solvent extraction a solute is transferred from one liquid 
phase to another immiscible or partially miscible liquid, which is in contact with the first 
phase. The aqueous phase contains the metal which is to be concentrated into the organic 
phase. Solvent extraction comprises three steps: extraction, scrubbing and stripping. In 
the extraction stage, the aqueous feed is brought in contact with the organic. In most 
cases, an extractant is put into a diluent to promote extraction process. The loaded solvent 
from the extraction may be scrubbed by treatment with a fresh aqueous phase to remove 
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the contaminating impurities. The scrubbed organic solvent is then stripped usually be 
strong acid like sulfuric acid to remove the metal to be recovered. After stripping, the 
organic solvent is re circulated back into the extraction process. A measure of the 
efficiency of separation by solvent extraction is the distribution ratio of a metal between 
an aqueous phase and an organic phase. This is called extraction co-efficient (E) or the 
distribution co-effiecient, it is defined as E. 
Ideally; an extractant should have the following features:
 Ability to extract the metal of the required pH
 Selectivity for the metal to be recovered and to reject undesired components
 Acceptable rates of extraction scrubbing and stripping.
 Solubility in the organic phase and very low solubility in the aqueous phase.
 Stability through out the three principle stages [Rao, 2006].
 Electrochemical process
Many metals are recovered from effluents by electrochemical process based on the 
principle of cathodic reduction of metal ions at the cathode of electrolytic cell. The 
equilibrium or reversible potential of a metal ion / metal system is expressed by the 
Nernest equation E=E0+RT/zF in aMz+ where E0 is the standard redox potential for 
metal/metal ion system is the measured potential at metal ion activity aMz+ at temperature
(Kelvin scale), z is the charge on the metal ion (or valence of the metal), R gas constant (j 
deg-1mol-1) and F Faraday constant (in coulomb mol-1). At equilibrium the anodic and 
cathodic current densities are equal. For the cathodic process to occur, the potential of the 
cathode must be more negative than the equilibrium potential of the specific metal/metal 
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ion system. This decreases the activation energy for the cathodic process allowing that to 
take place. This results in a net flow of cathodic current. The increased from the 
equilibrium potential require to bring about the deposition is known as activation over 
potential. It may be cathodic or anodic depending upon if it refers to cathodic reduction 
(for metal deposition) or anodic oxidation (dissolution of metal). A consideration of 
redox potential values for various metals can help to determine the feasibility of selective 
deposition of metal from the complex effluent. In practice, it is usually achieved where 
potential of two metals are well separated and where he activation over potential 
associated with the depositing metal is small.
 Biosorption:
Certain natural materials of biological origin can retain large quantities of metal ions by 
one of the different possible mechanisms such as
 Complexation
 Coordination




The phenomenon is called biosorption. It has been exploited for the separation and 
recovery of metals from the effluents as well as for toxicity removal. An economical 
source of biomass for the production of biosorbents is spent biomass from a fermentation 
process for manufacturing of biochemical products like antibiotics, enzymes, organic
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acids and possibly vitamins. Like ion exchange resin, the metal recovery process by 
biosorption is essentially a solid-liquid contact process comprising the metal uptake 
(sequestering) cycle and the metal desorption (elution) cycle. The eluting solution should 
be able to wash out the metal in small volume so as to achieve its highest concentration, 
without damaging the capacity of the biosorbent, which will make it reusable for another 
metal uptake. Sometime metal recovery from biosorbent is carried out with ashing when 
biosorbants are so inexpensive and abundant that it is not worthwhile at all to recover.
2.7.1.2 Highlights of bioleaching research on spent catalyst
The cost and negative impacts of conventional methods (roasting, chemical leaching) 
have led to the investigation of bioleaching technology as an alternative in the extraction 
of metals from spent catalysts. Furimsky (1996) stated in his review about spent refinery 
catalysts that the US department of energy has initiated several projects on microbial 
recovery of metals from spent hydroprocessing catalysts and in one study, the NiMo 
catalyst used for the coal liquefaction was treated with microorganisms such as T.
ferrooxidans, Denitrifiers and Sulfolobus. It was observed that catalyst containing Mo 
and W required special attention. Thus, only microorganisms which are tolerant to these 
metals can be used efficiently. The T. ferooxidans were good for releasing Ni from 
catalyst but toxic effect of Mo on the bacteria resulted in the use of large volume of 
liquids and long contact time. The efficient leaching of both Ni and Mo was achieved by 
using the heterotrophic denitrifying bacteria. Furimsky (1996) also reviewed a project in 
which thermophilic cultures such as Bacillus stearothermophilus and Metallosphera 
sedula were grown at 600 C. Mo release from spent catalysts was dominated by the 
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microbial growth even though the release was found to be dependent on several factors. 
The microbial, Mo release is a rapid process, requiring less than one week for 90% of the 
releasable Mo to be solubilized from the Tetrahydrofuran (THF) washed uncrushed 
catalyst.
Hahn et al. (1993) investigated the bioleaching of metals from old catalyst used in silane 
production. In this study, heterotrophic microorganisms were isolated from copper-
concentrated sites and the leaching experiments were carried out in 5 liter laboratory 
reactors with pulp densities of 2.5, 5 and 10%. Sugars were used as substrate and a direct 
relation between substrate utilization and copper leaching were observed. In batch 
experiments with 2% sugar using bacillus spp. Only 23% of the total copper was leached 
from the spent catalyst, but 90 to 100% of the metal contained in the catalyst was 
extracted after 17 days in fed batch experiments. Briand et al. (1999) observed that 
bioleaching of vanadium-Titanium and spent vanadium- phosphorous catalysts with A.
thiooxidans cultures allowed up to 98.4% vanadium recovery. Elemental sulfur was used 
in this experiment. From the above literature review, it has been revealed that most of the 
researchers used bacteria as a leaching micro organism. Very few reports have been 
found on using fungi as a leaching microbe for spent catalyst though some heterotrophic 
fungi like A. niger and P. sp. have great potential and some distinct advantages over 
chemolithotrophic and heterotrophic bacteria. For instance, Aung and Ting (2005) 
investigated the potential of fungus A. niger for the bioleaching of heavy metals from the 
spent fluid catalytic cracking (FCC) catalyst. Bioleaching was examined in batch cultures 
with various pulp densities and it was found that the highest extraction efficiency was 
achieved with 1% (w/v) catalyst and two step leaching gave better metal leaching 
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efficiency than one step leaching. Chemical leaching was also performed using mineral 
acids, organic acids as well as a mixture of organic acids at the same concentrations as 
that biogenically produced. Fresh medium and cell free spent medium leaching was also 
carried out. It was shown that bioleaching realized higher metal extraction than any of the 
chemical, fresh medium or spent medium leaching. The more favourable results 
suggested that the mechanism is not simply a direct chemical attack on catalyst but that 
the fungus participates in the leaching process. In another work Santhiya and Ting (2005) 
used A .niger for the leaching metals from spent refinery processing catalyst, Criterio-
424. In their research various particle size (‘as received’, 100-150 µm, <37 µm and 
x=2.97 (average) µm) effect were investigated on metabolic flux as well as on metal 
leaching and it was found that the highest extraction of metal values (54.5% Al, 52.2% Ni 
and 82.3% Mo) from spent catalyst for particle size <37 µm were obtained at 1% (w/v) 
pulp density in 60 days. Furthermore oxalic acid production was greatly stimulated when 
MES buffer was used to control the bioleaching pH at 6 which indeed reduced the 
bioleaching time for comparable extraction. In other paper (2006) same authors for 
getting better performance from A. niger strain in presence toxic metals, investigated the 
progressive adaptation of the strain with single metal ions Ni, Mo or Al and also with
mixture of these metals. It was revealed that Ni is more toxic than Mo and Al. For one 
step process where the unadapted A.niger could not grow at all in presence of 1% ( w/v) 
pulp density, the adapted strain showed good performance even at much higher pulp 




3.1 Hydroprocessing catalyst (Ni/Mo/P/Al2O3)
Fresh and spent hydroprocessing catalyst was kindly provided by Criterion catalyst, 
Singapore. The catalyst is trilobe in shape, with an average an average lobe diameter of .5 
mm and length of 3 mm (Fig 3.1).
Figure 3.1: SEM cross sectional view of NiMo spent catalyst.
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Figure 3.2: Photographs of (a) Fresh Ni-Mo catalyst and (b) As-received spent Ni-Mo 
catalyst.
3.1.1 Different forms of spent catalyst used 
A. As-received spent catalyst: The original form of hydroprocessing spent catalyst as-
received (Fig 3.2), i.e. without any subsequent treatment.
B. Decoked ungrounded spent catalyst: The “as-received” spent catalyst after being 
subjected to the decoking process. (More details about decoking process are presented in 
Chapter 3, Section 1.2.1).
C. Decoked grounded spent catalyst, 180-120 µm (more details about grinding are 
presented in Chapter 3, Section 1.2.2).
D. Decoked grounded spent catalyst, 120-45 µm
E. Decoked grinded spent catalyst, <45 µm
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3.1.2 Physical characterization of catalyst
3.1.2.1 Decoking of spent catalyst
As-received spent catalyst contains substantial amount of coke and other impurities 
accumulated during the catalytic process. The catalysts were decoked in a furnace where 
temperature was maintained at 6000 C over 8 hours to completely remove the coke and 
organic impurities from the spent catalysts.
3.1.2.2 Particle Size measurement
Decoked spent catalyst was gently dry ground using a porcelain mortar and pestle, and 
dry screened through 180, 120 and 45 µm BSS sieves, to obtain three ranges of particle 
size, i.e. 180-120 µm, 120-45 µm and <45 µm. The mean particle size (d50) of each range 
was determined using Coulter LS 230 particle size analyzer with a size range .04 µm to 
2000 µm. 
3.1.2.3 Specific Surface Area, specific pore volume and average pore diameter
The specific surface area, specific pore volume and average pore diameter of the fresh, 
as-received spent, decoked spent (ungrounded, 180-120 µm, 120-45 µm and <45µm size) 
and bioleached as-received spent catalysts were determined using a high speed gas 
adsorption analyzer (Nova 3000, version 6.07, Quantachrome Corporation). Sample 
weighing between 0.05 and 0.1 g was degassed overnight at 8000C using nitrogen gas as 
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the adsorbate. The sample was immersed in liquid nitrogen gas as the adsorbent. The 
sample was immersed in liquid nitrogen at 770 mmHg and temperature 77.4K for 
analysis. The specific surface area was calculated based on the Brunauer-Emmett-Teller 
(BET) method.
3.1.2.4 Surface Morphology study
The morphology of the various catalysts was observed under a scanning electron 
microscope (SEM) (Joel JSM-5600 LV). Each sample was spread on a metallic stub 
using carbon tape and coated with platinum. Image analysis was conducted under an 
accelerated voltage of 15-20 kV and under high vacuum.
3.1.2.5 Crystal structure identification study
Fresh and as-received spent catalysts were grounded to powder using a porcelain mortar 
and pestle. The grounded catalyst was placed in the sample holder for X-ray diffraction 
(XRD) analysis using an XRD-6000, SHIMADZU X-ray Diffractometer. The diffraction 
data from the samples were compared with that obtained from JCPDS (Joint Committee 
for Powder Diffraction Studies) - International Center for Diffraction Data for peak 
identification.
3.1.3 Chemical characterization of spent catalyst
For the detailed elemental study of fresh and spent catalyst, three different methods were 
used: chemical analysis, scanning electron microscope-energy dispersive x-ray analysis 
(SEM-EDX) and CHNS analysis. Among these methods, chemical analysis and CHNS 
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method give total elemental composition (i.e. bulk data) whereas EDX analysis provided 
the surface elemental composition.
3.1.3.1 Chemical analysis
Firstly the catalyst was digested according to US EPA SW846 method 3050B (see 
appendices A1). The metal composition of the digestate was determined using an 
inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin-Elmer, 
optima 3000V). ICP multi-element standard IV, P, Mo and Si standards at a 
concentration of 1000 mg/l were used to prepare the suitable calibration standards. 
Deionised water served as the blank.
3.1.3.2 SEM-EDX
The catalyst sample was sputter coated with platinum (JFC-1300, Jeol, Tokyo) after 
attaching the sample on the surface of metallic stubs with carbon tape, prior to 
observation under the scanning electron microscope. Energy-dispersive X-ray 
spectroscopy (EDX) (OXFORD Instruments 6647) was attached to the SEM to analyze 
the surface elemental composition of catalyst as well as the elemental composition 
distribution along the lobe cross section of as-received spent and decoked ungrounded 
spent catalyst. For the latter study, the two types of catalysts were cut across the cross 
section and their cross sections were platinum coated after attachment on the metallic 
studs as before. The EDX data were analyzed using INCA Suite Version 4.01.
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3.1.3.3 CHNS Analysis
CHNS analyzer (Perkin-Elmer 2400, seriesII) was used for determining the carbon and 
sulfur content of various catalysts. 1-2 mg of the catalyst samples were weighed onto 
small tin vials with a Perkin-Elmer AD-6 ultra balance. Four standard vials were also 
prepared using Cystine (Elemental microanalysis, ltd, UK) containing 29.99% C, 5.03%
H, 11.67% N and 26.69% S. The vials were placed in the auto-sampler installed on the 
analyzer. Before the samples were analyzed series of blank runs (using empty vials) 
followed by four standard runs were carried out. These vials were combusted under an 
oxygen stream in a furnace (9750 C).
3.1.4 Toxicity characteristic leaching procedure tests
Toxicity characteristic leaching procedure (TCLP) tests were conducted following US 
EPA SW 846 method 1311 to elicit toxicity characteristic of the as-received spent 
catalyst and the decoked ungrounded spent catalyst both before and after bioleaching 
experiment. Following the initial test to determine the appropriate extraction fluid, TCLP 
extraction fluid #1 was used for the leaching test. The concentration of metals leached in 
TCLP was compared to the regulated level in US EPA and the National Environment 
Agency (NEA), Singapore.
3.1.4.1 Procedures of collecting bioleached catalysts
The bioleached spent catalysts, at the end of 43 days of 2 steps bioleaching culture, were 
manually collected with forceps from the biomass after separating the bioleachate with 
Buchner funnel with a hole size of about 0.1 mm, which is smaller than both the size of 
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the fungal mycelium/pellet and the bioleached catalysts. The collected bioleached 
catalysts were gently washed twice with DI water and then dried in evaporator at 800 C 
and kept in a dessicator.
3.2 Microorganisms
Two heterotrophic fungi; A. niger and P. sp were used in this work. A. niger was kindly 
provided by Dr H.Brandl (University of Zurich, Switzerland) and P. sp (Strain CBS 
288.53) was purchased from Central Bureau Voor Schimmelcultures, the Netherlands.
3.2.1 Preculturing of A. niger and P. sp (spore and inoculum preparation)
Sterile potato dextrose agar (Becton Dickinson Co.) at 3.9% was used in the pre culturing 
of the fungi in Petri dishes (Sterilin) in a biohood and incubated at 30°C. Seven to ten-
day old conida were harvested from the potato dextrose agar surface by suspension in 
sterile deionised water, followed by passage through sterile glass wool to free them from 
contaminating mycelium and formation of plug. The number of spores in the prepared 
suspension was determined by direct counting using a haemacytometer (Superior 
Marienfield) under an optical microscope (Olympus CX40) at 400 times magnification. 
The spore suspension was standardized to 1×107 spores/ml by diluting with deionised 
water or increasing the number of collecting spore from Petri dish when required.
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3.2.2 Growth medium
The growth medium for the fungi contained the following (in g/l): Sucrose (100), NaNO3 
(1.5), KH2PO4 (.5), MgSO4.7H2O (.025), KCL (.025) and yeast extract (1.6) (Bosshard et 
al., 1996). The pH of the medium was about 5.8.
3.3 Experimental procedures
The design of the experiment varied depending on the objective of the experiments. In 
the following sections experimental procedures are mentioned under the heading of 
respective objectives.
3.3.1 Bioleaching of NiMo catalyst by A. niger and P. sp.
3.3.1.1 Pure culture
For conducting pure culture of A. niger and P. sp, 1 ml of standardized spore (more 
details in Chapter 3, Section 2.1) of respective fungi was added with 100 ml of sterile 
growth medium (specified in Chapter 3, Section 2.2)  in 250 ml Erlenmeyer flask closing 
the mouth with non-absorbent sterile cotton wool. These flasks were kept in a water bath 
orbital shaker at 120 rpm and 300 C. The experiment was monitored over 43 days and 
sampled at day 1, 3, 7, 14, 21, 28, 35 and 43. Duplicate culture flasks were taken for the 




For bioleaching experiment with A. niger and P. sp, the procedures are same as for the 
pure culture except that the culture was grown in the presence of spent catalyst of various 
forms at 1% pulp density (1g of catalyst per 100 ml of culture medium). The time of 
addition of spent catalyst depended on whether it was one-step leaching or two-step 
leaching. In 1-step bioleaching, the sterile catalyst was added at the beginning of the 
culture. In 2-step bioleaching, the sterile catalyst was added three days after the start of 
the fungal incubation. The experiment was monitored over 43 days at day 3, 7, 14, 21, 28, 
35 and 43. For each of these days, duplicate culture flasks were taken for the following 
analysis: (i) biomass concentration, (ii) sugars concentration, (iii) pH, (iv) organic acids 
concentration, and (v) heavy metal concentration. For 2-step bioleaching process, at day 
3, samples were taken 1 hour from the addition of spent catalyst to the growing culture.
3.3.1.3 Spent medium leaching
For spent medium leaching, spent solutions of fungus A. niger and P. sp from their 
respective pure culture were collected at the time when the maximum production of citric 
acid was attained. The spent medium was obtained by passing the fungal culture through 
a Buchner funnel (to retain the mycelia and fungal pellet). This was followed by 
centrifugation and filtration through (1.5 µm 934-AH filter paper (WhatmanR) and 0.45 
µm membrane filter (Sartorius) to ensure that the spent liquor was free of mycelium and 
spores. As an extra precaution to prevent contamination prevention, 1 ml of 5% formalin 
was added to 100 ml of spent medium. These spent medium was then used for metal 
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leaching in 250 ml Erlenmeyer flask with 1% pulp density of decoked spent catalyst for 
40 days.
3.3.2 Chemical leaching 
Chemical leaching tests were carried out to study the comparative metal leaching 
efficiency of some chemical leaching agents (oxalic, citric and gluconic acids) at various 
concentrations (20mM, 50mM, 100 and 200 mM). Additionally, chemical leaching was 
performed using a mixture of commercial citric, oxalic and gluconic acid at concentration 
equal to the acids produced in the bioleaching process of both A. niger and P. sp for 1% 
decoked ungrounded spent catalyst. Chemical leaching tests were conducted using 100 
ml of liquor (chemical) in 250 ml Erlenmeyer flasks and were kept in water bath orbital 
shaker at 120 rpm and 300C in the presence of 1% pulp density of decoked spent catalyst 
for 40 days. The samples were then filtered and analyzed for metals using ICP-OES.
3.3.3 Effect of initial sucrose concentration in bioleaching process by 
A. niger: batch vs. fed-batch
3.3.3.1 For the experiment of investigating initial sucrose concentration, the culture 
medium was prepared according to Chapter 3, Section 2.2 except for the sucrose 
concentration. Initial sucrose concentration used was 70, 100, 130, 160 and 180 g/l. After 
autoclaving these media, 1ml of standardized cell suspension of A.niger was added to 100 
ml of sterile culture solution in 250 ml Erlenmeyer flask by closing the mouth of the flask 
with non-absorbent sterile cotton wool. The flasks were kept in water bath orbital shaker 
at 120 rpm maintaining and 300C. At day 3, sterile decoked spent catalyst was added at 
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1% pulp density .These bioleaching cultures at 70, 100, 130, 160 and 180 g/l initial 
sucrose concentrations were analyzed at the end of 49 day and while the bioleaching 
culture of initial 160 g/l was analyzed at day 3, 12, 23, 38 and 49 for (i) biomass 
concentration, (ii) sugars concentration, (iii) pH, (iv) organic acids concentration, (v) 
heavy metal concentration.
3.3.3.2 To determine the comparative effectiveness of providing sucrose in batch and fed 
batch processes, three bioleaching fed batches (FB1, FB2, FB3) were carried  in the 
culture medium (specified in Chapter 3, section 2.2). After autoclaving the medium, 1ml 
of standardized cell suspension of A. niger was added to 100 ml of sterile culture solution 
in 250 ml Erlenmeyer closing the mouth with non absorbent sterile cotton wool. These 
flasks were kept in water bath orbital shaker at 120 rpm maintaining constant temperature 
300 C. The Sterile decoked spent catalyst was added three days after the start of fungal 
incubation at 1% pulp density. In FB1, additional 2 g sterile sucrose was added to 100 ml 
of bioleaching culture after day 15. In FB2, 2g of sterile sucrose was added after each of 
the day 15 and 25 whereas in FB3, 2 g of sterile sucrose was added after each of the day 
15, 25 and 35. So in FB3, the total amount of sucrose supplied over 49 days is equal to 
amount of sucrose used for the batch culture having initial sucrose concentration of 
160g/l (described as B).
3.3.4 Recovery of metals in bioleachate using chelating resins
Three commercially available chelating resins were evaluated for their potential in metal 
recovery from the leached liquor. The resins were (i) Lewatit TP-207 (Bayer, Germany), 
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(ii) Purolite S-930 (Purolite, UK), and (iii) Amberlite IRC-748 (Rohm and Hass 
Company, USA). All these resins have the iminodiacetate (IDA) functional group bound 
in a macroporous polystyrene matrix and are generally employed for the selective 
removal of heavy metal ions from aqueous solutions and from wastewater (even in 
presence of high concentration of sodium, calcium and magnesium). Before use, the 
resins were converted to the hydrogen form by stirring with 2M HCL for about 1 h 
followed by sufficient deionized water rinse ( up to neutral pH) and then were converted 
to Na+ form by stirring with 1N NaOH for around 2 h as per vendor’s instruction. The 
resins were then dried and kept in dessicator for future use.
3.3.4.1 Bioleachate collection
Bioleachate was collected from the 43 days old  2-steps bioleaching culture at 1% pulp 
density of decoked grounded spent catalyst (<45 µm)  following the same procedures of 
spent medium collection from bioleaching culture (described in Chapter3, Section 3.1.3 ).
3.3.4.2 Adsorption study
The adsorption of the metals on the chelating resins was carried out in 250 ml 
Erlenmeyer flasks using 100 ml of bioleahate and two gram of resin. After this the flask 
was put in the water bath shaker (maintained at 300C and 150 rpm) for 24 hrs. The 
reaction time (24 hrs) and the resin concentration were found to be sufficient for 
achieving equilibrium. The adsorption efficiency was calculated from the mass of metal 
adsorbed onto the resin (Madsorbed) over the mass of metal originally present in the 
bioleachate (M bioleachate). Adsorption selectivity for a specific metal was calculated based 
on the ratio of adsorption efficiency of that particular metal and summation of the 
adsorption efficiencies of all three metals present in the metal solution.
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3.3.4.3 Metal stripping
At the completion of the adsorption test, the resins were separated by filtration. Metals 
were then eluted from the resin with 100 ml of 2M nitric acid with a contact time of 12 
hrs which was sufficient to achieve desorption. Desorption was conducted under 
conditions which are similar to the batch adsorption. The striping efficiency was 
calculated from the mass of metal desorbed (Mdesorbed) over the mass of metal adsorbed 
onto the resins (Madsorbed) and desorption selectivity for a specific metal was calculated 
based on the ratio of desorption efficiency of that particular metal and summation of the 
desorption efficiencies of all three metals present in the metal solution.
Overall metal recovery was calculated from the multiple of metal adsorption efficiency 
and metal stripping efficiency and the overall selectivity for a specific metal was 
calculated based on the ratio of overall efficiency of that particular metal and summation 
of the overall efficiencies of all three metals present in the metal solution.
3.4 Analytical Methods
3.4.1 Analysis of Metal Concentration
Metal ion analysis was performed using an Inductively-Coupled Plasma Optical Emission 
Spectrometer (ICP-OES). ICP multi-element standard IV and Mo ICP standard at a 
concentration of 1000 mg/l was used to prepare the calibration standards. Deionised 
water served as the blank. Samples from bioleaching were filtered through Whatman 
Autovials® (0.45 μm) prior to analysis. To obtain the metal concentration in the catalyst, 
the concentration in the samples was calculated as follows: Metal concentration (mg/kg 
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catalyst) = concentration in solution (mg metal/liter solution) x dilution factor x liquid to 
solid ratio (liter solution /kg catalyst) 
3.4.2 Analysis of Sugars and Organic Acids
Fructose, glucose, sucrose, citrate, oxalate and gluconate were analyzed using an HP 
1100 series high performance liquid chromatography (HPLC) with variable wavelengths 
detector (VWD) at 210 nm for the organic acids, detection and refractive index detector 
(RID) for fructose and sucrose detection. Operating conditions for HPLC consisted of a 
30 cm x 7.8 mm i.d. Biorad Aminex HPX- 87H hydrogen resin ionic form analytical 
column (9 μm particle size) and a 3 cm x 4.6 mm i.d. Biorad Aminex resin cation H 
micro guard cartridge installed in a standard cartridge holder (Biorad). Analysis was 
carried out at 30oC. The mobile phase used was 5mM sulfuric acid (Merck, analytical 
grade), at a flow rate of 0.5 ml/min. All sample and mobile phase were filtered through 
Sartorius cellulose acetate filter paper (0.2μm). Standards of the compounds mixture were 
prepared using analytical grade reagents of sucrose (Merck), fructose (Sigma Chemical 
Co.), citric acid (Aldrich Chemical Co.), di-sodium oxalate (Merck) and D-gluconic-
potassium salt (Sigma Chemical Co.) at concentrations of 0, 5, 50, 100, 200 mM for 
sucrose, glucose, fructose, citrate and gluconate; and 0, 5, 10, 20, 50 mM for oxalate. All 
reagents were dissolved or diluted with deionised water and filtered through Sartorius 
cellulose acetate filter paper (0.2μm). Calibration curves were obtained from the response 
peak area at respective retention time in the chromatograms.
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3.4.3 Biomass Determination
In a pure fungal culture, the culture broth was filtered through a Buchner funnel. After 
filtration, the biomass were washed 3-4 times with deionised water to remove soluble 
compounds before being transferred to a pre-weighed evaporating dish and dried at 800C 
for 24 hours. The final biomass was obtained upon cooling in a dessicator. For biomass 
determination in the bioleaching tests, the mycelium together with spent catalyst (after 
filtration through a Buchner funnel and washed four times with deionised water) was 
dried at 80 C for 24 hours, followed by ashing at 500 C for 4 hours in a Carbolite CWF
1100 furnace. The biomass concentration was calculated gravimetrically after cooling in 
a dessicator, following the procedure in Burgstaller et al., (1992).
3.4.4 pH Measurement
The pH of samples was measured with Orion® pH meter probe. The probe was calibrated




4.1 Characterization of the NiMo catalyst
4.1.1 Physical characterization
4.1.1.1 Mean Particle size 
Figure 4.1 shows the mean particle sizes (d50) of the decoked grounded spent catalyst, 
over various size ranges, used in the experiments which were analyzed using the Coulter 
LS 230 particle size analyzer (as described in Section 3.1.2.2).  Mean particle size of 145, 
65 and 15 m were obtained from the particles of size range 180-120, 120-45 and <45 
m respectively.































Figure 4.1: Mean particle diameter (d50) of each range of decoked grounded spent 
catalyst used in bioleaching experiments.
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4.1.1.2 Specific surface area, specific pore volume and average pore diameter 
A high concentration of active sites is not the only requirement to achieve high 
performance catalyst. The active sites must also be readily accessible to the reactant 
molecules. This is also important for the leaching of metals during metal reclamation 
from the spent catalyst. In this regard, surface area, pore volume and pore size 
distribution, are important. In Table 4.1, these parameters for various forms of the 
catalyst presented, from which some salient features of the catalysts in various forms are 
discussed below:
A. The specific surface area of as-received spent catalyst was much lower than that of
fresh catalyst due to the deposition of coke mainly on the surface, and to some extent, 
within the pore. The reduction of average pore size as well as pore volume is mainly due 
to the deposition of coke which has been confirmed through the restoring of most of the 
pore size and volume during decoking process. Note however that this physical restoring 
process may not cause the spent catalyst to completely regain its catalytic activity due to 
metal poisoning of the catalyst.
B. The specific surface area of grounded catalyst increased with the reduction of the size 
of catalyst although the total pore volume and average pore diameter remained almost the 
same as the ungrounded decoked catalyst.
C. The specific surface area, total pore volume and average diameter of bioleached as-
received spent catalyst increased substantially even more than that of fresh catalyst.  This
might be mainly due to the dissolution of active metals (Ni and Mo) and support metal 
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(Al) of catalyst as well as due to the dissolution of deposited coke, mostly the loosely 
attached coke during the agitation process of the bioleaching experiments. The metal
dissolution process may contribute in weakening the bond of the deposited coke.
Table 4.1: Specific surface area, total pore volume and average pore diameter of fresh, 








Fresh catalyst 134.90 ± 4.34 0.3352 ± 0.02 99.39 ± 2.53
As-received spent 
Catalyst 93.72 ± 1.82 0.2053 ± 0.01 85.63 ± 2.06
Decoked ungrounded 
spent catalyst
132.73 ± 2.52 0.3295 ± 0.03 99.30 ± 2.11
Decoked grounded spent 
catalyst (180-120 µm)
210.18 ± 4.54 0.3401 ± 0.02 102.01 ± 1.23
Decoked grounded spent 
catalyst (120-45)
231.33 ± 3.29 0.3329 ± 0.06 97.89 ± 2.60
Decoked grounded spent 
catalyst (<45)
260.54 ± 2.57 0.3780 ± 0.09 98.99 ± 2.11
Bioleached as-received 
spent catalyst (collected 
from  A. niger culture)
145.29 ± 2.45 0.4753 ± 0.01 110.23 ± 3.99
Bioleached as-received 
spent catalyst (collected 
from P. sp  culture)
138.47 ± 2.29 0.4090 ± 0.04 108.45 ± 4.96
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4.1.1.3 Surface morphology
Figures 4.2, 4.3 and 4.4 shows the SEM images of fresh, as-received spent and decoked 
ungrounded spent catalyst surfaces. Substantial amount of coke deposition which has 
been confirmed in EDX (see appendix B.1) and CHNS analysis (see Table 4.2) is also 
observed on the catalyst surface of as-received spent catalyst (Figure 4.3). The decoking 
process substantially reduced the deposited carbon from the surface and renders the 
surface morphology smoother which is apparent from the comparative SEM images of 
as-received spent catalyst and decoked catalyst (Figures 4.3 and 4.4). 
The surface structure of fresh catalyst is more compact when compared with that of as-
received spent catalyst or decoked spent catalyst. Some cracks, identified in some parts of 
decoked ungrounded spent catalyst (Figure 4.4) but are absent in fresh catalyst (Figure 
4.2). Apart from coke and foreign metals deposition during the catalysis, catalysts are 
also subjected to various forms of mechanical stress which may initiate these cracks and 
ultimately destroy the original shape. 
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Figure 4.2: SEM surface image of fresh catalyst.
Figure 4.3: SEM surface image of as-received spent catalyst.
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Figure 4.4: SEM surface image of decoked ungrounded spent catalyst.
Figure 4.5: SEM surface image of decoked spent ungrounded catalyst showing cracks. 
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Figure 4.6 shows an SEM image of decoked grounded spent catalyst (<45µm) with 
grounded particles of different shapes, as well as the size distribution of the particles. The 
non uniformity of particle sizes and agglomeration tendency, are mainly due to the use of 
manual grinding which generally gives less consistency in performance. 
Figure 4.6: SEM image of decoked spent grounded catalyst, (<45µm).
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4.1.1.4 Crystal structure identification study
Figures 4.7 and 4.8 show the XRD results of fresh and decoked spent catalyst. The 
diffraction data from the samples were compared with that obtained from JCPDS (Joint 
Committee for Powder Diffraction Studies) - International Center for Diffraction Data for 
peak identification. The findings are summarized below:
A. In Figure 4.8 of fresh catalyst, the broad diffraction line at 26.70 is associated with 
the nickel molybdate compound xNiO.MoO.yH2O (ASTM file 12-348). The 
breadth of this line is indicative of the highly dispersed nature of the oxide in the 
fresh catalyst. Any major changes in the degree of dispersion of the oxide phase 
should be readily observed in this area of the diffraction pattern. It is possible, for 
instance, that in the fresh catalyst a substantial amount of the oxide present is 
XRD invisible (amorphous), and does not contribute to the intensity of the XRD 
pattern between 10 and 400 2θ. At angle 46.10 and 66.80 two peak corresponding 
to γAl203 is observed. Other than these, no peak was identified.
B. The XRD figure of decoked spent catalyst shows almost same pattern of the 
diffraction line of that of the fresh catalyst. No additional peak was appeared. So 
it can be said that the decoking process was able to regain the same oxide form as 
that of fresh catalyst from the sulphided form of spent catalyst. There was no 
evidence of sintering of aluminum support as no other form of Al2O3 (apart from 

































































































Figure 4.8: XRD analysis of decoked spent catalyst.
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4.1.2 Chemical characterization
Elemental compositions of fresh, as-received spent catalyst & decoked spent catalyst are 
presented in Table 4.2. The main constituents of fresh and decoked spent catalyst are Al, 
Mo, Ni, P and O. Apart from these elements, Fe, Cu, Zn, Si, N, H and Na were found in 
trace amount. Spent catalyst contains considerable amount of C and S in addition to 
constituents of fresh and decoked spent catalyst. The presence C is due to the deposition 
of coke during the catalytic process and the presence of sulphur may be due to 
presulphiding of the fresh catalyst and deposition of sulphur from crude oil during the 
catalysis process. Both as-received spent and decoked spent catalyst contain more Ni 
concentration which clearly proves the Ni deposition from the process. The decoking 
process was able to reduce the C and S content to a negligible level in the decoked spent 
catalyst. 
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Table 4.2: Results of elemental analysis for different forms of NiMo catalyst.
Elements
Elemental composition (wt %) of various NiMo catalyst





Al (a) 40.325 ± 9.115 34.4 ± 7.125 38.2 ± 8.115 33.1
Mo(a) 13 ± 2.828 11.60 ± 1.828 12.9 ± 2.828 12.3
Ni(a) 2.95 ± 0.834 3.024 ± 0.344 3.36 ± 0.534 2.6
P(a) 3.274 ± 0.926 2.313 ± 0.326 2.57 ± 0.426 3.2
Fe(a) 0.002 ± 0.001 0.045 ± 0.008 0.05 ± 0.005 0.12
Zn(a) 0.09 ± 0.01 0.072 ± 0.004 0.08 ± 0.004 Ns
Cu(a) 0.01 ± 0.0003 0.009 ± 0.0009 0.01 ± 0.0003 Ns
Si(a) 0.01 ± 0.001 0.081 ± 0.004 0.09 ± 0.002 0.3
Na(a) 0.05 ± 0.003 0.063 ± 0.003 0.07 ± 0.003 0.03
O(b) 43.564 ± 1.42 15.07 ± 1.65 40.2 ± 1.82 Ns
S(c) 0.153 ± 0.074 4.223 ± 0.094 0.198 ± 0.054 ns
C(c) 0.351± 0.141 5.912 ± 0.121 0.49 ± 0.114 Ns
N(c) 0.439± 0.097 1.092 ± 0.090 0.277 ± 0.030 ns
H(c) 0.304 ± 0.001 0.571± 0.003 1.118 ± 0.009 nsns
(a)Analyzed using ICP-OES according to Section 3.1.3.1.
(b)Analyzed using SEM-EDX according to section 3.1.3.2.
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(c) Analyzed using CHNS analyzer according to section 3.1.3.3.
(d) Scherzer and Gruia, 1996.
ns: Not stated.
4.1.2.1 Elemental analysis of as-received spent catalyst and decoked spent 
catalyst with SEM-EDX
It can be seen from the analysis of data of as-received spent catalyst (Table 4.3) and 
decoked spent catalyst (Table 4.4) that Ni and Mo were not homogenously distributed 
across the cross sectional area of the lobe of the spent catalyst. Ni was mostly 
concentrated at the outer edge of the catalyst lobe (at D1, D3, E1, E3, F1 and F3 points of 
figure 4.9) whereas Mo was concentrated at the centre of the lobe (at D2, E2 and F2 
points of figure 4.9). During the decoking process, both of Ni and Mo concentrated at 
centre of the lobe (at point A2, B2 and C2 of figure 4.10) due to the burning of the coke 
near the catalyst exterior (i.e. most of the coke generally deposited on the surface) which 
caused a higher temperature at the pellet exterior and the migration of Ni and Mo toward 
the pellet center. The principle of migration is based on  chemical-vapor transport 
reactions (Schafer, 1964) in which a solid or a liquid substance reacts with a gas to form a 
vapor phase product, which then undergoes the reverse reaction at a different place in the 
system that may be cooler or hotter depending on whether the reaction is exothermic or 
endothermic. Nickel also appeared to be more mobile than molybdenum. These findings 
are consistent with the results of Bogdanor and Rase (1986) and could explain the metal 
extraction kinetics during bioleaching experiments (this will be discussed in Chapter 5).
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Figure 4.9: SEM cross sectional view of as-received spent catalyst with the indication of 
elemental analysis points.
Table 4.3: EDX elemental analysis results of three main constituents Ni, Mo and Al at 












D1 13.33         4.58      0.40        0.087
D2 20.89          0.58       2.98      5.138
D3 13.41         4.64      0.56 0.120
E1 13.29 4.53       0.35 0.077
E2 20.85 0.53    2.93 5.528
E3 13.37 4.59        0.42 0.091
F1 13.38 4.61       0.47 0.10
F2 20.94 0.61      3.10         5.081
F3 13.46 4.67        0.61           0.131
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Figure 4.10: SEM cross sectional view of decoked spent catalyst with the indication of 
elemental analysis points.
Table 4.4: The EDX elemental analysis results of three main constituents Ni, Mo and Al 












A1 20.53 1.07 1.28 1.196
A2 20.75 2.38 2.98 1.252
A3 20.65 1.05 1.24 1.190
B1 20.83 1.12 1.33 1.187
B2 20.37 2.32 2.93 1.262
B3 20.49 1.09 1.27 1.165
C1 20.25 1.05 1.21 1.152
C2 20.39 2.36 2.91 1.233
C3 20.76 1.03 1.17 1.135
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4.1.2.2 Toxicity characteristic leaching procedure (TCLP) Tests:
Table 4.5 compares the TCLP test results of the as-received spent catalyst, decoked 
ungrounded spent catalyst, bioleached as-received spent catalyst and bioleached decoked 
spent ungrounded catalyst (for both  A. niger and P. sp) against the regulated levels set by 
EPA (US) and NEA (Singapore). Among the elements of NiMo catalyst, only Ni and Cu 
are regulated.  The TCLP results showed that only the nickel concentration of both as-
received spent catalyst and decoked ungrounded spent catalyst exceeded the regulatory 
level set by EPA (US) and NEA (Singapore). This may explain the reason for EPA listing 
of spent hydrotreating and hydrorefining catalysts from refining operations as hazardous 
waste. Some interesting features during TCLP experiment, though not toxicity related, 
are observed, such as (i) the higher Mo concentration for decoked spent catalyst 
compared to that of as-received spent catalyst, (ii) Cu being undetected for as-receive 
catalyst but detected for decoked spent catalyst (both due to the removal of carbon layer 
from surface during decoking) and (iii) lower Ni concentration for decoked spent catalyst 
compared to that of as-received spent catalyst (due to high concentration of Ni at outer 
edge of as-received spent catalyst). Ni concentration was not detected for all the 
bioleached catalyst during the TCLP tests. Thus the findings confirm that bioleaching 
with A. niger and P. sp can meet the environmental regulations.
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Table 4.5: TCLP test results for as-received spent catalyst, decoked ungrounded spent 
catalyst, bioleached as-received spent catalyst and bioleached decoked spent catalyst.
Element




























A. niger P. sp A. niger P. sp
Al 45.6 ± 0.01 150 ± 0.07 na na na na ns ns ns
Mo 467.5 ± 2.12 1985.7 ± 3.4 na na na na ns ns ns
Ni 1001 ± 2.83 676.6 ± 1.89 nd nd nd nd 5 ns 11
Cu nd 1.23± 0.05 na na na na 100 ns ns
1: Bioleached as-received spent catalysts were collected accordingly section 3.1.4.1.
2: Bioleached decoked spent catalysts were collected accordingly section 3.1.4.1
a: Recommended acceptance criteria for suitability of industrial wastes for landfill disposal set by the 
National Environment Agency, Singapore.
b. “Identification and Listing of Hazardous Waste” U.S.code of federal Regulations (CFR), Title 40, 
chapter 1, part 261.
c: “Treatment standards for hazardous waste” for spent hydrorefining catalyst.U.S Code of federal 
regulation (CFR),Title 40,chapter 1,part 261,subpart D.
na: Not analyzed (because these are not regulated)
ns: Not stated
n.d: Not detected. 
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4.2 Bioleaching of NiMo catalyst by A. niger and P. sp
4.2.1 Pure culture of A. niger
Pure cultures of A. niger was carried out as described in Chapter 3, section 3.1.1. During 
pure culture it was observed that A. niger spore grew into fungal pallets within the first 
day and subsequently the pellets grew in size.
Figure 4.11 (a) shows that the biomass weight reached its maximum value (27.9 g/l) at 
day 7 which is similar to the findings of Aung and Ting (2004). The growth of biomass 
was initially very rapid (up to day 7) and between day 7 and day 21, the weight of the 
biomass remained almost constant. Beyond day 21, the weight of biomass decreased and 
at the end of day 43, reached 15 g/l. The decrease in biomass after day 21 may due to 
nutrient limitation (as evident in the depletion of glucose and fructose).
It was observed that, after 7 -9 days, black fungal spore appeared on the surface of the 
apparently stagnant pellets. The reason behind this stagnancy of the pellets in the culture 
medium is due to the large amount of biomass formation in the limited volume of culture 
medium, and possibly the secretion of extracellular compounds which increased the 
viscosity of the culture liquid, and restricted the relative movement of pellets as well as 
increased the tendency the pellets to attach to each other. 
Sucrose which was initially supplied as the only energy source for the culture, was 
completely hydrolyzed to glucose and fructose within the first day (Figure 4.11 (a)). Both 
glucose and fructose were consumed simultaneously, and glucose was depleted (before 
day 21) faster than fructose.
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Figure 4.11 (b) shows the three primary metabolites (citric, gluconic and oxalic)
produced. The oxalic acid production was very low compared to the production of the 
other two metabolites. Citric acid was the most abundantly excreted acid, reaching a 
maximum concentration of about 98 mM while the maximum gluconic acid 
concentration produced was about 81 mM. From the pH profile, it is observed that pH 
declined sharply (from 5.80 to 2.92) in the first day of the culture and continued to 
decline until day 21 (to a value 2.18). Beyond that pH increased very slowly and reached 
to a value of 2.60 at the end of 43 days.
The presence of abundant citric acid, comparatively lower concentration of gluconic acid 
and very low concentration of oxalic acid are supported by the findings of many 
publications (Rohr et. al., 1983 a, b; Burgstaller and Schinner, 1993 a; Bosshard et. al., 
1996) which showed that lower pH (<3) favours citric acid production, and pH ranges 
from 3-4 favours the gluconic acid production, and pH higher than 6 favours oxalic acid 
production.
From the Figure 4.11 (b), it is also found that beyond day 21, the concentration of both 
citric and gluconic acid started to decline slowly. This observation is consistent with the 
marginal increase in pH beyond day 21. Figure 4.11 (a) also shows a clear decrease in the 
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         Figure 4.11 (b):  pH and concentration of organic acids in pure culture of A. niger.
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4.2.2 Pure culture of P. sp
Parallel results for the pure culture of P. sp are presented in Figures 4.12 (a) and (b).
Figure 4.12 (a) shows that the biomass dry weight increased rapidly from day 2 until day 
14 and then remained almost constant 28 days. Beyond that, the biomass dry weight 
decreased. The maximum value attained (17.9 g/l) at day 28, was lower than that with A. 
niger. 
The concentration profile of the sugar consumption (Figure 4.12 (a)) was almost similar 
to that reported for A. niger. Sucrose was hydrolyzed rapidly to glucose and fructose 
within first day. Both glucose and fructose consumptions were simultaneous but the 
consumption rate for both was slightly slower compared to those of A. niger culture.
Figure 4.12 (b), shows the three primary metabolites (citric, gluconic and oxalic) 
produced during the fungal culture. Oxalic acid production was very low compared to the 
other two metabolites production. Citric acid was produced at the highest concentration. 
The kinetics shows that the concentration of citric acid increased continuously and 
reached a maximum value about 81 mM before declining at day 28. Production kinetic of 
gluconic acid production followed almost the same trend of citric acid production but was 
always lower throughout the 43 days incubation. The maximum concentrations of 
gluconic and oxalic acid were about 64 and 1.4 mM respectively. The decline in the citric 
and gluconic acid production at the later period incubation is likely to be due to the same 
reason discussed in pure the A. niger culture. 
Figure 4.12 (b) shows that the pH decreased very sharply within first day (from 5.8 to 
3.5) and continued to decrease slowly until day 28, before increasing slowly to 2.91 by 
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       Figure 4.12 (b): pH and concentration of organic acids in pure culture of P. sp.
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4.2.3 Bioleaching of spent catalyst by A. niger
Bioleaching experiments were carried out according to procedures described in Chapter 
3, Section 3.1.2.
4.2.3.1 Estimation of organic acid production
 Citric Acid
It is well known that in presence of toxic metal, the fungus ameliorate the toxic effect of 
metals by complexation or precipitation by excreting metabolites. Significant increase of 
citric acid production compared to pure culture was observed due to this mechanism. 
Generally a reduction in the size of the spent catalyst will result in an increase in the 
specific surface area (e.g. m2/g). This will lead to a more rapid dissolution of the metal, as 
well as a higher metal concentration, and hence greater toxicity. For this reason grounded 
catalysts induce greater toxicity in the bioleaching culture. As a mechanism to ameliorate 
the toxic effect, a higher citric acid production may therefore be expected. However, 
Figure 4.13 (a) shows that a reduction in the size of decoked spent catalyst resulted in a 
decrease in citric acid production (for as-received size to 180-120 µm then to 120-45 
µm). As the particle size reduced, the particle- particle collision frequency increased 
during shaking period which induced adverse effect on the structure of the fungi pellets 
and ultimately ended up with lower citric acid production. Deveci (2004) also observed a
similar effect in bacterial viability and correlated this effect with the oxidation of mineral 
during bioleaching experiment as the bioleaching performance is closely related with 
bacterial viability. However for the size <45 µm, a reverse trend of citric acid production 
was observed. It can be explained as the particle size became finer, the particle mass 
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decreased with an increasing tendency of the finer particles to completely follow the fluid 
motion in eddy streamlines [Cherry and Papoutsakis, 1986; Kusters et al., 1997]. This 
could lead to the decrease in the probability/ frequency of particle–particle encounters 
due to the relative velocity of particles approaching zero. In other words, the extent of 
damage of fungi pellets would tend to decrease and citric acid production would increase.
In bioleaching study with as-received catalyst, the citric acid production was even lower 
than the control (pure culture). This was due to the extremely toxic nature of the 
carboneous deposition (i.e. coke). The coke is mainly formed from benzene and olefin 
through a polymerization process [Gates et al., 1979] and both benzene and olefin are 
known to be highly toxic organic substances for microbial cell growth. 
 Gluconic acid
In general, the production of gluconic acid in the bioleaching culture was lower than that 
of the pure culture and decreased with a reduction in the size of decoked spent catalyst 
(Figure 4.13 (b)). The decrease in gluconic acid production with smaller particle size of 
the decoked spent catalyst may be due to the higher consumption of sugar by increasing 
production of citric as well as possible destructive effect arising from increasing rate of 
particle-particle collision. The lowest gluconic acid production was observed for as-
received spent catalyst due to the extremely toxic nature of the carboneous deposit.
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 Oxalic acid production
The overall oxalic acid production was very low compared to the citric acid and gluconic 
acid production (Figure 4.13 (c)). It was because of the low pH (<3) observed throughout 
the bioleaching (Figure 4.15 (b)) which is not favorable for oxalic acid production 
(Santhiya and Ting, 2006). An increase in oxalic acid production was observed for 
decoked ungrounded spent catalyst which may be attributed to the detoxification 
phenomenon. For the reduced particle sizes, the production of oxalic acids was even 




























Decoked ungrounded Decoked ungrounded, 180-120 µm
Decoked ungrounded, 120-45  µm Decoked ungrounded, <45  µm
Figure 4.13 (a): Citric acid productions during pure culture and 2-step bioleaching (1%





























Decoked ungrounded Decoked ungrounded, 180-120 µm
 Decoked ungrounded, 120-45 µm Decoked ungrounded, <45  µm
Figure 4.13 (b): Gluconic acid productions during pure culture and 2-step bioleaching 


























Decoked ungrounded Decoked ungrounded,180-120 µm
Decoked ungrounded, 120-45 µm Decoked ungrounded, <45 µm
Figure 4.13 (c): Oxalic acid productions during pure culture and 2-step bioleaching (1% 
pulp density of different forms of NiMo catalyst) with A. niger.
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4.2.3.2 Sugar consumption
The sugar (i.e. glucose and fructose) consumption in bioleaching cultures is related to the 
biomass and acid production. An increase in the biomass dry weight and acid production 
may be attributed to the rapid consumption of the sugars. Figures 4.14 (a) & 4.14 (b) 
show that both glucose and fructose consumption were much faster for the control (pure 
culture) than for the bioleaching cultures, although the citric acid production was less for 
the pure culture. Higher consumption of sugar in the pure culture may be attributed for 
higher biomass formation as well as possibly due to the extra sugar consumption by the 
growing spore on stagnant pellets. With the reduction in size of the decoked spent 
catalyst, the sugar (both sucrose and fructose) consumption was slower, and resulted in a 
decrease in both the acid production (citric, gluconic and oxalic acid) and biomass 
formation. For the as-received spent catalyst, sugar consumption was the slowest; acid 
and biomass production was also lowest.
In general as was observed in the pure culture, glucose was consumed faster than fructose 



























Decoke ungrounded Decoke ungrounded, 180-120 µm
Decoke ungrounded, 120-45 µm Decoke ungrounded, <45 µm
Figure 4.14 (a): Consumption of Glucose during pure culture and 2-step bioleaching (1% 


























Decoke ungrounded Decoke grounded, 180-120 µm
Decoke grounded, 120-45 µm Decoke grounded, <45 µm
Figure 4.14 (b): Consumption of Fructose during pure culture and 2-step bioleaching (1% 
pulp density of different forms of NiMo catalyst) with A. niger.
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4.2.3.3 Biomass growth and pH profile
Figure 4.15 (a) shows that the overall biomass yield for bioleaching was lower than the 
pure culture because of the toxicity of metal (possibly due to metal toxicity). The biomass 
yield further declined with a reduction in the size of the decoked spent catalyst (for 180-
120 & 120-45µm), except for the system with the smallest particle size (<45 µm). As 
discussed earlier, particle–particle collisions become increasingly dominant during a 
mixing process as the concentration of solids increases. However fine particles lead to a 
decrease in the probability/frequency of particle–particle encounters (Cherry and 
Papoutsakis, 1986). Devaci (2002), (2004) also showed that the rate and extent of loss in 
viability of a bacterial population increase with decreasing the particle size down to a 
critical size below which the adverse effect tends to decrease.
The biomass growth was least for as-received spent catalyst due to the toxicity of 
deposited coke. Unlike for pure culture, for which the biomass started to decrease due to 
the insufficient sugar after day 21, for the bioleaching experiments, no such a declining 
trend of biomass was observed for the later days of experiment due to the presence of 
sufficient carbon source throughout the period, as evident from a comparison of Figure 


























Decoke ungrounded Decoke ungrounded, 180-120 µm
Decoke ungrounded, 120-45 µm Decoke ungrounded, <45 µm
Figure 4.15 (a): Biomass growth during pure culture and 2-step bioleaching (1% pulp 
density of different forms of NiMo catalyst) with A. niger.
Figure 4.15 (b) shows after the addition of spent catalyst (at day 3), the pH increased 
slightly due to the alkaline nature of spent catalyst which is also supported by Aung and 
Ting (2005) and after that pH started to decrease again mainly due to the production of 
citric acids (Bosshard et al., 1996; Castro et al., 2000; Brandl et al., 2001). After day 21, 
the pH remained almost constant up to day 43. For the pure culture, a sharp decrease was 
followed by a slow decrease and then a slow increase was observed in the pH profile. In 
the bioleaching experiments of decoked spent catalysts, irrespective of the particle size, 
the overall pH was very close to each other and slightly higher than that of pure cultue. 











Decoked ungrounded Decoked ungrounded. 180-125 µm.
Decoked ungrounded, 125-45 µm. Decoked ungrounded, <45  µm.
Figure 4.15 (b): pH changes during pure culture and 2-step bioleaching (1% pulp density 
of different forms of NiMo catalyst) with A. niger.
4.2.3.4 Metal leaching kinetics
Figures 4.16 (a), (b) and (c) show the metal leaching kinetics of three metals (Ni, Mo, and 
Al) present in the NiMo catalyst (of various forms and sizes) during A. niger bioleaching.
The kinetics as well the extent of metal leaching efficiency of Ni, Mo and Al depends on 
the form and size of the NiMo catalyst as well as the concentration of leaching acid (i.e. 
citric acid). For the as-received catalyst, the presence of substantial carboneous deposit 
(around 6%, see Chapter 4, section 1.2) not only acted as a barrier to the leaching agents 
in attacking the catalyst but also posed high toxicity for the A. niger which ultimately 
resulted in low acid concentration. For this reasons, the leaching of Mo and Al were 
significantly low (33% and 7% respectively). On the other hands the leaching of Ni was 
the most significant with the as-received catalyst despite the carboneous layer and low 
citric acid as Ni was mainly concentrated at outer edge of the lobe ( discussed earlier in 
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Chapter 4, Section 1.2.1) and hence Ni might be easily accessed through the carboneous 
layer.
The leaching percentage was greatly enhanced for Mo and Al for the decoked 
ungrounded spent catalyst because of the almost complete removal of carboneous barrier 
which not only open the direct access of the leaching agent to the catalyst but also 
eliminate the carbon toxicity for growing fungus and hence improved the production of 
citric acid. 
However Ni leaching kinetic was slower for the decoked ungrounded spent catalyst 
compared to the as-received spent catalyst because both Ni and Mo distribution was 
shuffled up during decoking process and most of the Ni which concentrated at outer 
edges in as-received catalyst moves to the centre of the lobe in decoked catalyst (as 
discussed earlier in Chapter 4, Section 1.2.1).
With a decrease in size of the decoked catalyst (from the original size to 180-120 µm and 
120-45 µm) due to the increase in available surface area, Ni, Mo and Al leaching 
efficiency increased despite the decrease in citric acid production. The reason for the 
decrease in citric acid production with the reduction of particle size has been mentioned 
earlier. For particle size <45 µm, not only was the surface area  highest, no further 
decrease in citric acid production was observed compared to particles of larger sizes. For 
these reasons, Ni, Mo and Al leaching efficiencies (88%, 87.3%, and 17.20% 
respectively) for this size of particle were the highest among all sizes of decoked spent 
catalyst. However Ni leaching efficiency (94%) was the highest for as-received spent 
catalyst among all forms and all sizes of NiMo spent catalyst. The leaching efficiencies 
for Ni and Mo are much higher than that of which Santhiya and Ting (2005) best 
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obtained (62.8% Ni and 78.9% Mo) in the bioleaching by A. niger even after 60 days of 
incubation (compared to 43 days of present study). This has been possible mainly due to 
pretreatment (decoking) of as-received spent catalyst as well as for the better 


























As received Decoke ungrounded
Decoke grounded, 180-120 µm Decoke grounded, 120-45µm
Decoke grounded, <45 µm
Figure 4.16 (a): Al leaching (%) during the 2-step bioleaching (1% pulp density of 























As received Decoke ungrounded
Decoke grounded,180-120 µm Decoke grounded,120-45 µm
Decoke grounded,<45 µm
Figure 4.16 (b): Mo leaching (%) during the 2-step bioleaching (1% pulp density of 






















As received Decoke ungrounded
Decoke grounded, 180-120 µm Decoke grounded, 120-45 µm
Decoke grounded, <45 µm
Figure 4.16 (c): Ni leaching (%) during the 2-step bioleaching (1% pulp density of 
different forms of NiMo catalyst) with A. niger.
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4.2.4 Bioleaching of Spent Catalyst by P. sp.
Figure 4.17 (a) shows the citric production by the pure culture and 2-step bioleaching 
with P. sp. A comparison of this figure with Figure 4.13 (a) shows that the overall 
kinetics of citric acid production was slower as well as a lower overall concentration for 
P. sp (pure/bioleaching culture) compared to that of A. niger. After 14 days, the citric 
acid production reached 60mM, and the maximum of 223 mM was attained after 35 days 
for the bioleaching experiment with P. sp in presence decoked ungrounded spent catalyst
(Figure 4.17 (a)). In contrast, for the bioleaching experiment of decoked ungrounded
spent catalyst with A. niger, the citric acid production reached 132 mM after 14 days, 
with a maximum production of 266 mM after 28 days (Figure 4.13 (a)).
Compared to the bioleaching with A. niger, the overall kinetic of gluconic acid 
production for the bioleaching with P. sp was slower although the maximum 
concentration was higher for P. sp (see Figure 4.13 (b) and 4.17 (b)). Slower 
consumption rate of sugars and hence more availability of sugars during the later days of 
P. sp bioleaching compared to that of A. niger bioleaching (Figures 4.14 (a), 4.14 (b), 
4.18 (a) and 4.18 (b)), may be a reason behind no declining trend in gluconic acid 
production after 28 days.
Compared to the pure culture and bioleaching experiments of A. niger, oxalic acid 
production in similar system using P. sp was even lower (almost negligible) (see Figure 
4.13 (c) and 4.17 (c)).
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A reduction in the size of decoked spent catalyst resulted in a decrease in the citric, 
gluconic and oxalic acid production (for as-received size to 180-120 µm then to 120-45 
µm), and for the size <45 µm, no further declining trend in the acid production was 
observed.  Instead, an improved result was found. Due to the presence of toxic carbon, 
the lowest yield for all three acids was observed. These findings are similar to that of A. 



























Decoked ungrounded Decoked grounded. 180-120 µm.
Decoked grounded, 125-45 µm. Decoked grounded, <45 µm.
Figure 4.17 (a): Citric acid productions during pure culture and 2-step bioleaching 





























Decoked ungrounded Decoked grounded. 180-120 µm.
Decoked grounded, 120-45 µm Decoked grounded, <45 µm
Figure 4.17 (b): Gluconic acid productions during pure culture and 2-step bioleaching 































Decoked ungrounded Decoked grounded. 180-120 µm
Decoked grounded, 120-45 µm Decoked grounded, <45 µm
Figure 4.17 (c): Oxalic acid productions during pure culture and 2-step bioleaching (1% 
pulp density of different forms of NiMo catalyst) with P. sp.
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A comparison of Figures 4.18 (a) and (b) with Figures 4.14 (a) and (b) shows that both 
glucose and fructose uptake were slower for P. sp (bioleaching and pure cultures) than 
that of A. niger (bioleaching & pure cultures) although similar effects were observed on 
catalyst size reduction (for decoked spent catalyst), and in presence of deposited coke (for 
as-received spent catalyst) for P. sp and A. niger. After 43 days of bioleaching of as-
received spent catalyst with P. sp, the concentration of unconsumed glucose and fructose 
were 88mM and 190 mM respectively. In the A. niger system, the corresponding 

























Decoked ungrounded Decoked grounded. 180-120 µm.
Decoked grounded, 120-45 µm. Decoked grounded, <45 µm.
Figure 4.18 (a): Glucose consumptions during pure culture and 2-step bioleaching (1% 


























Decoked ungrounded Decoked grounded. 180-120 µm
Decoked grounded, 120-45 µm Decoked grounded, <45 µm
Figure 4.18 (b): Fructose consumptions during pure culture and 2-step bioleaching (1% 
pulp density of different forms of NiMo catalyst) with P. sp.
The biomass dry weight of P. sp obtained in the bioleaching experiments (Figure 4.19 
(a)) were significantly less than that obtained with A. niger under the same conditions 
(Figure 4.15 (a)). For instance, with 1% pulp density of 180-120 µm decoked spent 
catalyst, the A. niger system yielded a biomass dry weight of 22 g/l. A similar system 
with P. sp yielded a biomass dry weight of 17 g/l. Similar effects of catalyst size 

























Decoked ungrounded Decoked grounded. 180-120 µm.
Decoked grounded, 120-45 µm. Decoked grounded, <45 µm.
Figure 4.19 (a): Fructose consumptions during pure culture and 2-step bioleaching (1% 
pulp density of different forms of NiMo catalyst) with P. sp.
pH in the bioleaching experiments with P. sp was slightly higher than that for the same 
system with A. niger (Figure 4.19 (a)). Comparatively lower production of citric acid 
(Figure 4.17 (a) and Figure 4.13 (a)) and the generally similar concentration of gluconic 
acid (Figure 4.17 (b) and Figure 4.13 (b)) might have contributed to the marginally higher 
pH for P. sp. However the pH profile and the effect of catalyst size reduction and the 











Decoked ungrounded Decoked grounded.180-120 µm.
Decoked ungrounded, 120-45 µm. Decoked ungrounded, <45 µm.
Figure 4.19 (b): pH changes during pure culture and 2-step bioleaching (1% pulp density 
of different forms of NiMo catalyst) with P. sp.
From Figures 4.16 (a), (b), (c) and 4.20 (a), (b), (c), it has been observed that the overall 
extent of bioleaching of Al, Mo and Ni, as well as the bioleaching kinetic of P. sp, were 
slower than that in A. niger bioleaching. At the end of 43 days, the bioleaching 
efficiencies of Al, Ni and Mo using P. sp were 14%, 79% and 85% respectively for the 
decoked spent catalyst (180-125 µm); the corresponding values for A. niger were 17%, 
88% and 87% respectively. A detailed comparison between the two fungal systems, using 
various forms of the catalysts, is presented in Figure 4.21. A generally lower leaching 
yield is noted for P. sp compared with A. niger.  The slower leaching kinetics for P. sp
culture was due to the comparatively lower citric acid production, as well as the slower 
production kinetics (of citric acid). Similar effects of catalyst size reduction and carbon 






















As received Decoked ungrounded
Decoked grounded. 180-120 µm. Decoked grounded, 120-45 µm.
Decoked grounded, <45 µm.
Figure 4.20 (a): Al leaching (%) during the 2-step bioleaching (1% pulp density of 






















As received Decoked ungrounded
Decoked grounded, 180-120 µm. Decoked grounded, 120-45 µm.
Decoked grounded, <45 µm.
Figure 4.20 (b): Mo leaching (%) during the 2-step bioleaching (1% pulp density of 























As received Decoked ungrounded
Decoked grounded, 180-120 µm Decoked grounded, 120-45 µm
Decoked grounded,<45 µm
Figure 4.20 (c): Ni leaching (%) during the 2-step bioleaching (1% pulp density of 
different forms of NiMo catalyst) with P. sp.





























Figure 4.21: Metals leaching efficiencies of Al, Ni and Mo in bioleaching experiment at 
the end of 43 days, using different forms of catalysts.  As-received spent catalyst with A. 
niger (1) and P. sp (2); decoked ungrounded spent catalyst with A. niger (3) and P. sp
(4), decoked grounded spent catalyst (180-120µm) with A. niger (5) and P. sp (6),  
decoked grounded spent catalyst (120-45 µm) with A. niger (7) and P. sp (8), and  
decoked grounded spent catalyst o(<45µm) with A. niger (9) and P. sp (10) .
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4.2.5 One step Bioleaching
1-step bioleaching experiments with 1% pulp density of decoked spent catalyst using A.
niger and P. sp were carried out as described in Chapter 3, Section 3.1.2. Over the 43 
days incubation period, neither biomass nor acid (e.g. citric, gluconic or oxalic) were 
produced in the culture medium. Exposure of the fungal spores to the spent catalysts (at 
1% pulp density) proved too toxic; such an exposure inhibited the formation of fungal 
pellets as well as the production of metabolic acids, even up to 43 days.  In contrast, two-
step bioleaching of decoked spent catalyst with A. niger and P. sp, (where the fungal 
spores were allowed to grow for 3 days before the addition of the catalysts) showed 
significant growth of the biomass and acid production.  It is evident that the growth of the 
spores into pellets ameliorated the toxic effect of the metals and allowed further growth 
of the biomass.  At the same time, the production of the acids (e.g. citric acid) would also 
reduce the initial toxicity by forming complexes with the toxic metals (e.g. Ni-citrate). 
Santhiya and Ting (2006) also observed no growth of A. niger in presence of 1% spent 
catalyst (Criterion 424) during 1-step bioleaching and attributed the toxicity of metals as 
a reason.
4.2.6 Spent medium leaching
It has been shown earlier (in Figures 4.11(b) & 4.12 (b)) that for the pure cultures, acid 
production reached to an optimum value (95 mM for citric acid and 70 mM for gluconic 
acid) in 14 days for A. niger culture, and (80 mM for citric acid and 78mM for gluconic 
acid) in 28 days for P. sp. In order to ascertain if contact of the biomass with the spent 
catalyst plays a role or if the concentration of the organic acids in the spent medium is the 
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sole determinant in the bioleaching effect, a study on spent medium leaching was 
performed. Spent medium at the end of day 14 and day 28 for A. niger and P. sp
respectively was obtained, and leaching was carried as described Chapter 3, Section 
3.1.3. The findings of metals leaching as well as a comparative presence of acids are 
presented in Figures 4.22 (a), (b) and (c) from which it can be seen that the leaching 
efficiencies of Al, Ni and Mo were lower for the spent medium compared to the 
bioleaching. The presence of citric acid at a higher concentration (shown in Fig 4.22 (c)) 
for the bioleaching experiment played a vital role of achieving higher yield in metals 
leaching. 
The direct contact of fungus with the spent catalyst might have contributed, either by 
expediting the leaching process (due to the presence of high localized acid) or through 
bioaccumulation of the metals to some extent (Burstaller and Schinner, 1993; Sayer and 
Gadd, 1997), but this could not be confirmed in this current study. Higher metal leaching 
efficiencies in the bioleaching compared to spent medium leaching was also observed by 
































Bioleaching (A. niger) Spent Medium Leaching (A .niger)
Figure 4.22 (a) Comparison of metals leaching efficiencies for 2-step bioleaching and 






























Bioleaching (P. sp) Spent Medium Leaching (P. sp)
Figure 4.22 (b): Comparison of metals leaching efficiencies for 2-step bioleaching and 





















A. niger P.  s p
Citric acid (Spent medium) Citric acid (2-step bioleaching)
Gluconic acid (Spent medium) Gluconic acid (2-Step bioleaching)
Oxalic acid (Spent medium) Oxalic acid (2-step bioleaching)
Figure 4.22 (c): Concentration of acids being used in the 2-step bioleaching and spent 
medium leaching of 1% decoked ungrounded spent catalyst (for A. niger and P. sp 
systems).
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4.3 Chemical leaching 
Chemical leaching was performed using commercially purchased organic acids. The 
objective of chemical leaching is to evaluate the relative contributions of the biogenically 
produced organic acids (citric, oxalic and gluconic acid) in bioleaching by A. niger and P. 
sp at various acid concentrations, as well as to obtain an insight into the bioleaching 
mechanism at the concentration produced during bioleaching. In the case of the latter, the 
mixture of organic acids used was at the same concentration as that biogenically-
produced during 2-step bioleaching, and at 43 days.
From the Table 4.6, it is seen that the metal leaching efficiency increases with an increase 
in the acid concentration, except for Ni leaching at the high oxalic acid concentration 
which may be attributed to the precipitation of Ni as nickel oxalate [Santhia and Ting, 
2005; Castro et. al., 2000]. Among the three acids, the pH decreased with increasing 
citric and oxalic concentration, but for gluconic acid, a reverse trend was observed. Of 
the three acids, oxalic acid was the most efficient in the leaching of Al and Mo. This 
finding was supported by the observation of lowest pH of oxalic acid at similar 
concentration of other two acids. Citric acid shows high leaching efficiencies in the 
leaching of Ni and Mo. On the whole, it is evident that citric acid was the main lixivant.  
In general, during a typical 2-step bioleaching, concentration of oxalic acid produced was 
in fact the lowest. Oxalic acid production was very low and gluconic acid, though 
significantly produced had least leaching capability for three metals. As such a decrease 
in the production of gluconic acid, as well as an increase in the production of citric acid is 
highly desirable.
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Table 4.6: Metal leaching efficiencies of organic acids (citric, gluconic and oxalic) at 
various concentrations in the presence of 1% (w/v) pulp density of decoked ungrounded 
spent catalyst.
From the Table 4.6 and Figures 4.23 (a), (b) it can be seen that although the commercial 
organic acids mixture showed a lower pH when compared to the biogenically-produced 
acids, the ultimate leaching (%) of all the metals in chemical leaching was about 2-10% 
lower than in bioleaching experiments for both  A. niger and P. sp.  This suggests that 
apart from acidolysis and complexolysis, other mechanisms possibly contribute in the 
mobilizing of the metals during bioleaching. Among the probable mechanisms include 
the role of other enzymatic activities during bioleaching or the higher localized acids 
concentration at the contact surface of the fungi pellets and the spent catalyst.
These findings corroborate the work of Illmer et al. (1995), who reported that metal 
leaching efficiency of chemical leaching using the mixture of 30 mM citrate, 30 mM of 
Leaching 
Agent Concentration(mM)
pH Metal Leaching ((%)

































































gluconate and 1 mM of oxalate was distinctly less than the efficiency of biotic leaching 
even though acids were employed in higher concentrations than observed in culture A.
niger. Kamali and Mulligan (2002) also reported that chemical leaching efficiency of 
copper from low grade ores by citric (25%) and oxalic acids (7%) was lower than the 
biotic leaching by A. niger (60% extraction). Castro et al. (2000) also showed that 
chemical leaching using citric acid was less effective in the extraction of nickel from 
garnierite compared to bioleaching by A. niger. These results affirm the statement by 
Schinner and Burgstaller (1989) who proposed that the enhancement in bioleaching 
efficiency over chemical leaching might be due to the action of secondary metabolic 
metabolites.
Table 4.7: Concentration of organic acids produced in 2-step bioleaching processes after 
43 days in presence of 1% pulp density of decoked spent catalyst for A. niger and P. sp
and corresponding pH of the bio-acids and chemical acids mixture. 











2-steps A. niger C: 238 + G: 40 + O: 6.9 2.69 2.53
























Bioleaching (A. niger) Chemical leaching
Figure 4.23 (a): Comparison of metal leaching efficiency of A. niger bioleaching and 























Bioleaching (P. sp) Chemical leaching
Figure 4.23 (b): Comparison of metal leaching efficiency of P.  sp bioleaching and 
commercial organic mixtures at the same acid concentration.
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4.4 Effect of sucrose concentration in bioleaching process by A. 
niger: batch vs. fed-batch
Sucrose is used as the C source for the culture of both A. niger and P. sp in this study. 
The concentration of sucrose should be optimum, since either substrate limitation or 
substrate inhibition (at higher C concentration) may cause poor yield in fungal biomass 
and acid production. For instance, Xu and Ting (2004) have found that the concentration 
of sucrose was the most influential parameter in the bioleaching of fly ash.
The initial sucrose concentration for batch culture as well as the effect of providing the 
sucrose in a fed batch (instead of a batch process) is examined in this chapter.
Table 4.8 presents the effect of the initial sucrose concentration (70, 100, 130, 160, 180 
g/l) on the bioleaching efficiency of Al, Ni and Mo. An increase in sucrose concentration 
from 70 to 160 g/l, led to an increase in the production of the main leaching agent, citric 
acid (from 45 to 435.5 mM) as well as oxalic and gluconic acids. This finding is also 
supported by Castro et al. (2000) who observed higher citric acid production as a function 
of sucrose concentration (100-150 g/l) and hence a noticeable improvement of Zn and Ni 
bioleaching from silicate by A. niger. The maximum metal leaching efficiencies (Al 
(18.5%), Ni (90.7%) and Mo (89.5%)) were achieved in this current study at 160 g/l 
sucrose concentration. Higher concentration, at 180 g/l, however caused a decrease in all 
the acid productions was well as metal leaching efficiency. At this sucrose concentration, 
it was observed that most of the spherical pellet structure was completely broke up 
leading to dispersion of mycelia and this imparted an overall inhibitory effect on both 
metabolic acid (citric) production and metal leaching efficiency. Spherical pellets were 
not formed, possibly due to the excessive increase in osmotic pressure externally on the 
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pellet in presence of high sucrose concentration. This finding is not totally unexpected, 
since the specific growth rates of microorganism are influenced by the thermodynamic 
activity of water (influenced in turn by the solutes in the medium) [Murado et. al., 1994, 
1993]. Any modification of the medium physicochemical properties, such as osmotic 
pressure, ionic strength, dielectric constant, solvent activity, etc., might alter the cell 
membrane permeability as well as structure [Pintado et. al., 1997]. High substrate 
concentration may also impart effect by reducing enzymatic activity [Pintado et. al., 
1997]. Evidently, maximum metal bioleaching from decoked ungrounded spent catalyst 
by  A. niger was achieved at 160 g/l initial sucrose. 
The effectiveness of batch and fed-batch sucrose supply for A. niger culture was 
evaluated according to the procedure described in Chapter 3, Section 3.3.2. Table 4.9 
shows the final acid production, sugar concentration and metal leaching efficiency at the 
end of 49th day of bioleaching. It can be seen that fed batch is more effective than batch. 
Although the total amount of sucrose provided for both FB3 and B over 49 days is equal, 
the ultimate acid production as well as metal leaching efficiency is much higher for FB3. 
It has been found that for batch process at high initial sucrose concentration (at less than 
the substrate inhibitory level), the presence of excess sugar lead initially to both slower 
kinetics of acid production and lower metal leaching efficiency, although with time, both 
values are found higher compared to batch processes with a lower initial concentration 
(see chapter 4, section 4.1). In a fed batch process, comparatively larger amount of 
sucrose can be supplied without slowing down the initial kinetics of acid production and 
metal leaching, as sucrose is provided over the entire period, thus providing faster 
kinetics and a higher yield. For this reason, FB3 performed better than batch B. 
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Table 4.8: Effect of initial sucrose concentration on acid productions and metal leaching 
efficiencies for the 2-step bioleaching of decoked ungrounded spent catalyst (1% pulp 












Acid Al Ni Mo
70 45 0 0 8.5 72.9 69.5
100 198 28 8 12.1 84.1 81.2
130 262 98 12 13.7 85.9 84.3
160 435.5 215.5 32 18.5 90.7 89.5
180 165 76 21 11.5 82.9 79.8
Table 4.9:  Fed Batch (FB1, FB2, and FB3) and Batch (B) processes of sucrose sourcing 
for the 2-steps bioleaching experiments of decoked ungrounded spent catalyst (1% pulp 
density) by A. niger.
Batch
No






Acid Al Ni Mo
FB1 365.5 128.5 1 15.9 86.8 85.9
FB2 417 160 12 17.4 88.3 87.6
FB3 532 240 21 19.34 91.3 90.7
B 435.5 215.5 32 18.5 90.7 89.5
111
4.4.1 Kinetics in the 2-step bioleaching of decoked ungrounded spent catalyst
(1% pulp density) with A. niger: effect of initial sucrose concentration in a 
batch system
Figure 4.24 (a), (b) and (c) show the sucrose, glucose and fructose concentration profile 
over the 49 days of bioleaching. At 100 g/l initial sucrose concentration, the sucrose was 
hydrolyzed (to glucose and fructose) within 1 day, whereas this took about 7 days for 
sucrose at concentration of 160 g/l. It was also noted that with sucrose at 100g/l, glucose 
and fructose were depleted by the 28th day and 49th day respectively whereas at initial 160 
g/l, most of the glucose and fructose remained unconsumed up to the 49th day.  
Figure 4.25 (a), (b) and (c) show that initially, the acid production kinetics was slower for 
the batch with higher sucrose concentration (at 160 g/l) compared to that at the lower 
concentration (at 100 g/l). With time, however, the acid production at higher sucrose 
concentration increased significantly and exceeded that at the lower sucrose 
concentration. 
The metal leaching efficiencies achieved paralleled acid productions pattern of these two 
bioleaching experiments since the acid production has a direct effect on the metal 
leaching, though it is not the only influencing parameter. From Figure 4.26 (a), (b) and 
(c), it is evident that Al, Ni and Mo leaching kinetics, although slower initially, gradually 

























100 g/l 160 g/l
Figure 4.24 (a): Concentration of sucrose in 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 























100 g/l 160 g/l
Figure 4.24 (b): Consumption of glucose in 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 
























100 g/l 160 g/l
Figure 4.24 (c): Consumption of fructose in 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 

























100 g/l 160 g/l
Figure 4.25 (a): Citric acid productions from 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 




























100 g/l 160 g/l
Figure 4.25 (b) Gluconic acid productions from 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 

























100 g/l 160 g/l
Figure 4.25 (c): Oxalic acid productions from 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 



















Figure 4.26 (a): Al leaching (%) during 2-step bioleaching culture of decoked 
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 























Figure 4.26 (b): Ni leaching (%) during 2-step bioleaching culture of ungrounded spent 

























Figure 4.26 (c): Mo leaching (%) during 2-step bioleaching culture of decoked
ungrounded spent catalyst (1% pulp density) by A. niger at two initial sucrose 
concentration (100 and 160g/l).
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4.5 Recovery of metals in bioleachate using ion-exchange 
chelating resins
The bioleaching of metals from the spent catalysts results in the mobilization of metal 
ions (in this case, Al, Ni and Mo) from the solid phase into the liquid phase.  A complete 
treatment of the spent catalyst requires that the metals be removed from the leached 
liquor and preferably be concentrated and recovered.  As discussed in Chapter 2, Section 
7.1.1, several technologies are often used for metal recovery from aqueous solutions.  
Ion-exchange is one commonly used technology.
In this Chapter, the results obtained from the use of three ion exchange resins, i.e. Lewatit 
TP-207, Purolite S-930 and Amberlite IRC-748 for metal recovery from bioleachate of A.
niger and P. sp are presented and discussed. The experimental procedures and analytical 
methods are described in Chapter 3, Section 3.4. 
This work is a preliminary study on the use of ion exchange for metal recovery, and is not 
an extensive investigation. There appears to be little published in the bioleaching 
literature on the use of ion-exchange technology for metal recovery.
4.5.1 Adsorption study
Table 4.10 shows the results of the ion-exchange study using the three ion exchange 
resins (IER), with the bioleached liquor from P. sp. and A. niger. It can be seen that for 
the former bioleached liquor, Lewatit TP-207 is the most selective towards the removal 
of Ni with 100% uptake. For Lewatit TP-207 Ni adsorption capacity at the prevailing 
conditions was found to be 13.25 mg/g/l. Both Purolite S-930 and Amberlite IRC-748 
showed lower selectivity for Ni with 56% and 48.6% uptake. Similar results were 
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obtained for the A. niger bioleached liquor. Higher Ni uptake capacity of Lewatit TP-207
(69.0 mg/g/l) compared to Purolite S-930 (44.4 mg/g/l) and Amberlite IRC-748 (36.3 
mg/g/l) was also reported by Maurizia et al. (2006), although the system investigated 
involved only Ni (as NiNO3).
The results also show that the selectivity of the resins was significantly influenced by the 
type of resin, and the metal uptake capacity was influenced by the solution pH. Apart 
from Amberlite in the P. sp system, all other data shows that all these three IER have the 
highest selectivity for Ni. Lewatit evidently showed the best performance. At lower pH 
with P. sp, higher metal adsorption capacity was observed for all three IER resins, even 
though the A. niger bioleachate contained higher concentration of metal ions. The 
iminodiacete functional groups are affected by pH due to the presence of acidic groups, 
which can dissociate depending on pH. At lower pH values, only a small fraction of the 
functional groups is likely be dissociated and since cations cannot be removed by neutral 
acids and eventually cause lower metal uptakes (Mendes and Martins, 2004). Deepatana 
et al, 2006 reported the same findings and showed that metal adsorption is favorable at 
the lower acid concentration for citric, DL- Malic and Lactic acid using Purolite S-930.
Based on these findings, the IER resins performance can be ranked accordingly as:
Selectivity towards Ni:            Lewatit TP-207 > Purolite S-930 > Amberlite IRC-748.
Selectivity towards Mo:          Amberlite IRC-748 > Purolite S-930 > Lewatit TP-207
Total metal sorption capacity:  Amberlite IRC-748 > Purolite S-930 > Lewatit TP-207.
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4.5.2 Desorption study
In order to recover the ion-exchanged metals, it is necessary to desorb the metals from the 
IER (in a concentrated form). Table 4.11 presents the results from the desorption study.  
It is evident that for all the metal (Ni, Mo, Al), around 80% desorption efficiency was 
achieved. Unlike the ion-exchange, no significant selectivity towards any metals was 
achieved during the desorption process. 
4.5.3 Overall recovery study
The ion exchange and desorption study, as reported in Tables 4.10 and 4.11, show that 
overall, approximately 81% Ni recovery was achieved using Lewatit TP-207 (Table 
4.12). In terms of the overall recovery of a single metal, this value may appear 
satisfactory. However, in systems where there are multi-metals, the selectivity of the IER 
for the metal becomes very important. Among the three IER, Lewatit TP-207 clearly 
shows the best performance for both Ni selectivity and Ni removal efficiency. This resin 
may be used for effective recovery of Ni from the bioleachate produced in the 
experiments. After the effective removal and recovery of Ni, Amberlite IRC-748 may be 
used to selectively remove and recover Mo over Al.
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Al 544 432.53 5.57
26.68
20.49 0.15
Ni 265     0.00 13.25       100.00 0.74
Mo 1106 948.72 7.86 14.22 0.11
Purolite
S-930
Al 544 435.06 5.45
28.17
        20.02 0.19
Ni 265 116.44 7.43 56.06 0.54
Mo 1106 800.19 15.29 27.65 0.27
Amberlite 
IRC-748
Al 544 473.17 3.54
37.62
13.02 0.11
Ni 265 136.21 6.44 48.60 0.44








Al 657 570.21   4.33
22.13
13.21 0.11
Ni 296    0.00 14.80       100.00 0.84
Mo 1126        1065.87 3.00   5.34 0.05
Purolite
S-930
Al 657 549.97 5.35
24.13
16.29 0.17
Ni 296 98.74 9.86 66.64 0.67
Mo 1126 947.57 8.92 15.85 0.16
Amberlite 
IRC-748
Al 657 561.86 4.76
33.85
14.48 0.14
Ni 296 138.40 7.88 53.24 0.51
Mo 1126 701.72 21.21 37.68 0.35
121




















Al   82.49   4.12
21.47
74.01 0.31
Ni 214.46 10.72 80.93 0.34
Mo 132.79 6.63 84.43 0.35
Purolite
S-930
Al   89.66 4.48
24.12
82.31 0.32
Ni 128.07 6.40 86.21 0.34
Mo 264.80 13.24 86.59 0.34
Amberlite 
IRC-748
Al   64.79   3.23
32.25
91.48 0.35
Ni 106.94 5.34 83.04 0.32




Al   61.72 3.08
17.31
71.12 0.31
Ni 239.76 11.98 81.00 0.36
Mo   45.07 2.25 74.97 0.33
Purolite
S-930
Al   65.72 3.28
18.23
61.41 0.28
Ni 157.55 7.87 79.87 0.36
Mo          141.72 7.08 79.43 0.36
Amberlite 
IRC-748
Al   61.66 3.08
26.3
64.82 0.29
Ni 126.37 6.31 80.19 0.36
Mo 338.27 16.91 79.73 0.35
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This research investigated the potential of using bioleaching for the removal of metals 
from NiMo catalyst. Spent NiMo catalyst was physically and chemically characterized, 
and subjected to 1-step and 2-steps bioleaching processes using Aspergillus niger (A. 
niger) and Penecilium simplicissium (P. sp). During bioleaching process of the spent 
catalysts of two forms (as-received and decoked) and various particle sizes (as-received
size, 180-120 µm, 120-45 µm and <45 µm), the biomass dry weight and pH were 
determined. The corresponding leach liquor was analyzed for excreted organic acids 
along with heavy metal values extracted from the catalyst. Cell free spent medium 
leaching as well as chemical leaching were performed to have a better understanding on 
bioleaching mechanism. The effect of initial sucrose concentrations was investigated. The 
comparative potential of three commercial chelating resins containing imminodiacetic 
acid (IDA) group (Lewatit TP-207, Purolite-S-930 & Amberlite IRC-748) was evaluated 
for the selective recovery of metals (Ni, Mo and Al) from the bioleachate of A. niger and 
P. sp.
The main conclusions obtained from this research are summarized below.
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5.1.1 Physical and chemical characterization of NiMo catalyst
The main constituents of fresh and decoked spent catalyst are Al, Mo, Ni, P and O. Apart 
from these elements, Fe, Cu, Zn, Si, N, H and Na were found in trace amount. As-
received spent catalyst contains considerable amount of C and S in addition the 
constituents of fresh and decoked spent catalyst. 
SEM-EDX studies of as-received and decoked ungrounded spent catalyst has confirmed 
the migration of active metals (Ni and Mo) of the catalyst during decoking process. It has 
been found that in as-received spent catalyst, Ni mostly concentrated at the outer edge of 
the catalyst lobe and Mo concentrated at the centre of the lobe whereas after the decoking 
process, both of Ni and Mo concentrated at centre of the lobe.
From BET studies of the different forms of catalyst, it has been found that the specific 
surface area, pore size as well as pore volume were much lower for as-received spent 
catalyst compared to that of fresh catalyst .The specific surface area, total pore volume 
and average diameter of bioleached as-received spent catalysts increased substantially 
even more than that of fresh catalyst.
From SEM studies, deposited coke was observed on the surface of as-received spent 
catalyst whereas the surface of decoked ungrounded spent catalyst was much smoother.
XRD analysis of decoked spent catalyst has shown almost the same pattern of the 
diffraction line of that of the fresh catalyst. 
The TCLP results have shown that the nickel concentration in TCLP leachate from both 
as-received and decoked ungrounded spent catalyst exceeded the regulatory level set by 
the National Environment Agency (Singapore) and the treatment standards of hazardous 
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wastes set by USA EPA while the nickel concentration was not detected in any of the 
bioleached catalysts.
5.1.2 Bioleaching of NiMo catalyst by A. niger and P. sp
5.1.2.1 Pure culture of A. niger and P. sp
For A. niger  culture, weight of biomass reached its maximum value (27.9 g/l) at day 7, 
remained constant between day 7 and day 21 and started to decrease afterward whereas 
for P. sp culture, the maximum value attained (17.9 g/l) at day 28. Sucrose was 
hydrolyzed rapidly to glucose and fructose within first day for both cultures. Both 
glucose and fructose consumptions were simultaneous but the consumptions rates for 
both were slightly slower for P. sp compared to those of A. niger. Three primary 
metabolites (citric, gluconic and oxalic) were produced. The oxalic acid production was 
very low compare to the production of other two metabolites while citric acid was the 
most abundantly produced acid (maximum concentrations were 98 mM and 81 mM  
respectively for A. niger and P. sp).
5.1.2.2 Bioleaching of spent catalyst by A. niger
In general for the bioleaching experiments significant increase of citric acid production 
(except for as-received catalyst) and a decrease in gluconic and oxalic acid production 
was observed compared to that of pure culture. A reduction in the size of decoked spent 
catalyst resulted in a decrease in citric , gluconic and oxalic acid production (original size 
to 180 µm then to 120-45 µm) except for size <45 µm for which a reverse trend in acid 
production was observed. 
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Both glucose and fructose consumption were much faster for control (pure culture) than 
the bioleaching cultures although the citric acid production was lower for the pure 
culture. 
The overall biomass yield for bioleaching was lower than the pure culture and declined 
further with a reduction in the size of decoked spent catalyst (for 180-120 µm and 120-45 
µm), except for the system with smallest particle size ( <45µm). 
The leaching kinetics as well as the extent of leaching of Ni, Mo and Al depends on the 
forms (i.e. as- received and decoked) and sizes (i.e. as-received size, 180-120 µm, 120-45 
µm and <45 µm) of the NiMo catalyst as well as the concentration of leaching acid (i.e. 
citric acid). Ni, Mo and Al leaching efficiencies (88%, 87.3%, and 17.20% respectively) 
from <45 µm particle size were the highest among all sizes of decoked  spent catalyst 
whereas  Ni leaching efficiency (94%) from as-received catalyst was the highest among 
all forms and all sizes of NiMo spent catalyst.
5.1.2.3 2-step bioleaching of spent catalyst by P. sp
The overall Al, Mo and Ni leaching efficiency was lower for P. sp compared to that of A. 
niger due to the slower kinetics as well as lower production of metabolic acids (mainly 
citric acid). The biomass dry weight of P. sp obtained in the bioleaching experiments 
were significantly less than that obtained with A. niger under same conditions. The pH in 
the bioleaching experiments with P. sp was slightly higher than that for the same system 
with A. niger. Similar effects of catalyst size reduction and carbon toxicity were observed 
for both A. niger and P. sp bioleaching system on sugar consumption, metabolic product 
formation(citric, oxalic and gluconic acid), biomass yield  and metal leaching efficiency.
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5.1.2.4 1-step bioleaching
Fungal growth was not observed in 1-step bioleaching (for A. niger and P. sp), indicating 
metal toxicity to the fungal spores on direct contact with the catalyst
5.1.2.5 Spent medium leaching
Spent medium leaching showed less metal leaching efficiency than the bioleaching 
systems mainly due to the presence of higher concentration of citric acid in bioleaching.
5.1.3 Chemical leaching
It was observed that metal leaching efficiency increased with an increase in the acid 
concentration except for Ni leaching at the high oxalic concentration which may be 
attributed to the precipitation of Ni as nickel oxalate. Citric acid appeared to be the main 
lixivant in the bioleaching systems. It was also suggested that apart from acidolysis and 
complexolysis, other mechanisms possibly contribute in the mobilizing of the metals 
during bioleaching.
5.1.3 Effect of sucrose concentration in bioleaching process by A. niger: batch 
vs. fed-batch
An increase in sucrose concentration from 70 to 160 g/l led to an ultimate increase in the 
production of the main leaching agent, citric acid (from 45 to 435.5 mM) and hence the 
ultimate metal leaching efficiencies were also increased. However at concentration, 180 
g/l, the fungal pellet could not form which directly affect the fungal acid production as 
well as metal leaching efficiency. The presence of excess sugar (less than inhibitory 
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level) led initially to both slower kinetics of acid production as well lower metal leaching 
efficiency, although with time, both values are found higher compared to batch processes 
with a lower initial concentration whereas in a fed batch process, comparatively larger 
amount of sucrose can be supplied without slowing down the initial kinetics of acid 
production and metal leaching.
5.1.4 Metals recovery from bioleachate using IER
Metal recovery from A. niger and P. sp in the bioleached liquor was examined using 
three commercially available ion exchange resins (IER): Lewatit TP-207, Purolite S-930 
and Amberlite IRC-748. The study showed that the selectivity of the resins was 
significantly influenced by the type of resin, and the metal uptake capacity was 
influenced by the solution pH. Except for Amberlite in the P. sp system, all these three 
IER have higher selectivity for Ni, and Lewatit TP-207 showed the highest Ni selectivity 
with 100% Ni uptake from both bioleachate. Due to the lower pH in A. niger bioleachate, 
a lower total metal adsorption capacity was observed compared to that of the P. sp. In the 
desorption study with 2M HNO3, no favorable selectivity was observed for any specific 
metal. The overall Ni recovery was found to be approximately 81% with Lewatit TP-207.
5.2 Recommendation
In the bioleaching of NiMo spent catalyst with A. niger and P. sp, several other issues 
need to be addressed.
The effect of higher pulp density on fungal growth as well as on metal extraction 
efficiency in the 2-step bioleaching need to be studied to observe the effect of high pulp 
density of spent catalyst on fungal performance during the bioleaching of metal. 
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The performance of 1-step bioleaching (which is expected to reduce the leaching time)  at 
1% (w/v) pulp density of NiMo catalyst was poor affected due to the metal toxicity on the 
growing spore. Adaptation of the fungal spore to higher metal concentration may 
improve performance, and should be attempted.
Future studies should also consider the use of a cheaper source of carbon in order to 
replace the refined and more expensive sugar (sucrose in this study) as the substrate for 
fungal growth. Organic wastes (i.e. molasses, kiwi fruit peel, and figs etc.) are 
recommended as suitable carbon source that should be investigated, since these would 
reduce the cost of bioleaching. However, it is acknowledged that these sources have been 
shown to have marked effect on the concentration of citric acid production and the type 
of organic acid produced by fungal, since they contain trace metals such as calcium, 
magnesium, manganese, iron, and zinc. Thus the choice of the source of organic waste 
carbon should be carefully evaluated.
In research in the bioleaching of metal values from solid wastes (in particular, in the 
bioleaching of spent catalyst), it appears that no study has been conducted on a pilot 
scale. As proof of the concept has clearly been demonstrated, future work in bioleaching 
should include scale-up from the bench scale in order to realize its future application at 
an industrial scale.
In the bioleaching process, metals are only extracted from the metal laden substrate into 
the solution. The complete metal recovery from the bioleachate should need to be 
addressed. Although there are many published work on metal recovery from aqueous 
solution, there appears to be no publication in the bioleaching literature on the use of ion-
exchange technology for metal recovery. This thesis reported preliminary work on metal 
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recovery from bioleachate using IER.  An extensive investigation investigating the 
mechanism of metal uptake and the optimization of the recovery process using IER 
should be considered.  The investigator attempting this will not be taking a step into the 
unknown, since the use of IER is well established in the chemical industry.
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APPENDICES
APPENDIX A: EXPERIMENTAL METHODS
A.1 Acid Digestion (US EPA SW 846 Method 3050 B)
Procedure:
 Transfer 1 g (dry weight) of sample to a digestion vessel.
 Add 10 ml of 1:1 HNO3 to the sample. Mix the slurry and cover with a watch glass.
 Heat the sample to 95 °C ± 5 °C and reflux for 10-15 minutes without boiling.
 Allow sample to cool, add 5 ml of concentrated HNO3, replace the cover and
reflux for 30 minutes. If brown fumes are generated, repeat this step until no brown
fumes are given off by the sample.
 Heat the solution at 95 °C ± 5 °C without boiling for 2 hours.
 Allow sample to cool. Add 2 ml of water and 3 ml of 30 % H2O2, and continue
warming to start the peroxide reaction.
 Continue to add 30 % H2O2 in 1 ml aliquots with warming until the effervescence
is minimal or until the general sample appearance is unchanged.
 Continue to heat the acid-peroxide digestate at 95 °C ± 5 °C without boiling, for 2
hours.
 Add 10 ml concentrated HCl to the sample digest and reflux at 95 °C ± 5 °C for
15 minutes.
 After cooling, dilute to 100 ml with deionised water. Particulates in the digestate
are removed by centrifugation at 2000-3000 rpm for 10 minutes. Samples are
ready for analysis by ICP-OES.
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A.2 Toxicity Characteristic Leaching Procedure (US EPA SW 846 Method 1311)
Determination of appropriate extraction fluid:
 Transfer 5.0 grams of the waste to a 500 mL beaker.
 Add 96.5 mL of reagent water to the beaker, cover with a watch glass and stir
vigorously for 5 minutes using a magnetic stirrer.
 Measure the pH. If the pH is < 5.0, use extraction fluid #1.
 If the pH is > 5.0, add 3.5 mL 1N HCl, slurry briefly, cover with a watch glass,  heat to 
50°C for 10 minutes.
 Let the solution cool to room temperature and record the pH. If the pH is < 5.0,use 
extraction fluid #1. Otherwise, use extraction fluid #2.
Preparation of TCLP extraction fluid:
 Extraction fluid # 1: Add 5.7 mL glacial CH3CH2OOH to 500 mL of reagent water, 
add 64.3 mL of 1N NaOH, and dilute to a volume of 1 liter. When correctly prepared, 
the pH of this fluid will be 4.93 ± 0.05.
 Extraction fluid # 2: Dilute 5.7 mL glacial CH3CH2OOH with reagent water to a
     volume of 1 liter. When correctly prepared, the pH of this fluid will be 2.88 ± 0.05.
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Procedure:
 Add an amount of extraction fluid equal to 20 times the weight of the solid phase
      to the solid (20 ml: 1 g).
 Close the extractor bottle tightly, secure in rotary agitation device, and rotate at 30
      ± 2 rpm for 18 ± 2 hours. The extraction is conducted at room temperature.
 Following the 18 ± 2 hour extraction, separate the material in the extractor vessel
    into its component liquid and solid phases by filtering through a 0.45 μm glass
     fiber filter.
 Following the collection of TCLP extract, the pH of the extract is recorded. The
     samples are ready for analysis by ICP-OES.
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APPENDIX B: EXPERIMENTAL DATA
B.1 Detailed elemental analysis data at point D1 of the lobe cross section of as received spent 
catalyst and at point A1 of the lobe cross section of decoked ungrounded spent catalyst with 
SEM-EDX.
Position D1 ( as received spent catalyst)
Processing option: All elements analyzed 
(Normalized)
Number of iterations = 5
Standards:
C:    CaCO3   
O:    SiO2   
Na:  Albite 
Al:   Al2O3  
P:     GaP   
S:     FeS2  
Fe:   Fe   
Ni:   Ni   
Mo:  Mo   
            
           (E)
                                                             (F)
Figure A.1: (A) SEM image corresponding to the area selected at point D1. (B)  
Elemental spectra graph for the selected area with EDX. 
Element Weight% Atomic%
   
C K 11.02 19.66
O K 35.50 47.55
Na K 0.45 0.42
Al K 16.78 13.33
P K 4.71 3.26
S K 14.74 9.85
Fe K 2.48 0.95
Ni K 12.54 4.58
Mo L 1.79 0.40
Totals 100.00
141
                                           
Position A1 : (decoked spent ungrounded catalyst)                                             
Processing option : All elements analyzed 
(Normalized)
Number of iterations = 5
Standards:
C:   CaCO3   
O:   SiO2   
Na: Albite 
Al:  Al2O3  
P:    GaP   
S:   FeS2  
Fe:   Fe                                                                        
Ni:   Ni   
Mo:  Mo   
              (G)
                  
                         
                                                            (H)
Figure A.2: (C) SEM image corresponding to area at point A1 selected. (D)  Elemental 





C K 1.19 2.16
O K 37.55 47.34
Na K 0.09 0.08
Al K 27.46 20.53
P K 6.57 4.28
S K 4.21 2.65
Fe K 1.74 0.63
Ni K 3.10 1.07
Mo L 6.09 1.28
Totals 100.00
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B.2 Bioleaching of spent NiMo catalyst.
B.2.1 Growth Parameters for pure culture of A. niger
















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00
1 2.92 255.00 272.00 0.00 5.00 8.61 0.00   7.00
         3 2.72 225.83 252.78 0.00 12.30 19.62 0.00 15.20
          7 2.66 129.36 183.00 0.00 60.00 44.00 1.73 27.90
14 2.59    16.95 133.00 0.00 90.00 70.00 5.00 27.30
21 2.18      0.00 49.26 0.00 98.00 81.29 8.28 27.50
28 2.30      0.00 14.00 0.00 79.51 70.00 8.47 19.70
35 2.48      0.00 0.00 0.00 66.58 56.00 4.29 17.80
        43 2.46      0.00 0.00 0.00 62.63 36.00 9.15 14.50
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B.2.2 Growth Parameters for pure culture of P. sp
















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00 0 .67
         3 3.06 236.13 244.16 0.00 8.00 10.90 0.00 7.70
          7 2.86 152.00 182.00 0.00 32.60 29.70 1.73 12.40
14 2.62    34.00 136.00 0.00 41.50 44.80 5.00 16.60
21 2.46      0.00 95.11 0.00 70.00 61.20 0.13 17.40
28 2.33      0.00 56.12 0.00 80.00 78.80 0.04 17.90
35 2.56      0.00 39.73 0.00 59.58 71.30 1.32 17.27
        43 2.91      0.00 6.00 0.00 31.70 55.80 1.06 15.72
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B.2.3 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of as received spent catalyst.



















0 5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 2.75 255.00     272.00 0.00 5.00 8.61 0.00 7.00 - - -
         3 2.72 225.83 252.78 0.00 12.30 19.62 0.00 15.5 42.00 2.07 .20
          7 3.09 129.36 233.00 0.00 15.85 20.92 0.11 14.3 76.60 19.54 2.70
14 3.28 16.96 210.00 0.00 26.93 29.31 0.34 12.83 81.50 26.42 4.50
21 2.98 0.00 190.00 0.00 40.18 42.76 0.38 10.62 85.50 29.65 6.20
28 3.00 0.00 174.00 0.00 49.56 30.22 0.13 10.10 88.00 29.42 7.00
35 3.02 0.00 172.00 0.00 63.43 24.00 0.34 11.32 91.10 25.70 7.70
        43 3.00 0.00 162.00 0.00 49.56 10.00 0.67 9.05 94.00 33.33 7.70
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B.2.4 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked ungrounded spent catalyst. 



















       
5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 3.00 255.00 272.00 0.00 5.00 8.614 0.00 7.00 - - -
         3 2.72 225.83 252.78 0.00 12.30 19.62 0.00 15.00 25.00 37.38 1.30
          7 2.86 155.00 193.00 0.00 57.00 40.00 0.00 21.00 42.00 64.80 4.01
14 2.92 66.00 160.00 0.00 132.00 60.00 33.37 22.20 56.47 70.40 6.11
21 2.48 39.00 126.00 0.00 250.00 77.00 27.00 21.50 61.30 72.40 9.34
28 2.56 0.00 100.00 0.00 266.00 63.00 24.00 22.00 68.50 75.20 11.00
35 2.61 0.00 43.00 0.00 258.00 43.00 19.5 20.80 75.00 80.00 10.50
        43 2.69 0.00 33.00 0.00 238.00 40.00 6.9 19.60 83.50 80.89 11.99
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B.2.5 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked grounded spent catalyst (180-120 µm). 



















               
5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 3.00 255.00 272.00 0.00 5.00 8.614 0.00 7.00 - - -
         3 2.72 225.13 244.16 0.00 13.37 19.62 0.00 15.5 31.16 38.64 1.60
          7 2.94 177.00 205.00 0.00 43.00 33.74 0.00 17.80 48.00 71.54 6.23
14 2.86 120.00 180.00 0.00 109.00 48.90 0.00 19.80 57.59 74.40 7.88
21 2.44 85.00 140.00 0.00 210.00 63.40 3.00 19.60 64.50 75.40 10.19
28 2.56 47.00 114.00 0.00 248.5 60.90 4.10 20.00 68.50 78.40 11.73
35 2.65 0.00 93.00 0.00 243.00 45.00 5.70 23.50 74.00 82.40 12.11
        43 2.56 0.00 57.00 0.00 221.00 33.00 7.90 22.20 84.70 82.84 12.32
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B.2.6 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked grounded spent catalyst (120-45 µm).



















0 5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 3.00 255.00 272.00 0.00 5.00 8.614 0.00 7.00 - - -
         3 2.72 225.13 244.16 0.00 13.37 19.62 0.00 14.80 32.77 39.53 1.73
          7 2.94 188.00 220.00 0.00 35.60 29.50 7.00 16.00 58.00 68.92 4.90
14 2.80 155.00 193.00 0.00 95.00 38.00 9.50 17.20 62.90 78.40 8.60
21 2.52 66.00 164.00 0.00 176.00 53.00      14.20 18.50 68.00 79.20 11.80
28 2.48 39.00 143.00 0.00 220.00 49.00 8.30 20.30 72.60 80.80 13.30
35 2.65 0.00 120.00 0.00 195.00 33.00 0.00 22.20 78.00 83.20 14.00
        43 2.56 0.00 80.00 0.00 184.41 22.00 0.00 23.00 85.00 84.80 14.60
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B.2.7 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked grounded spent catalyst (<45 µm).


















0 5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 3.00 255.00 272.00 0.00 5.00 8.614 0.00 7.00 - - -
         3 2.72 225.13 244.16 0.00 13.37 19.62 0.00 14.50 38.00 49.43 2.90
          7 2.86 190.00 210.00 0.00 25.16 24.00 0.00 16.80 65.22 79.58 7.00
14 2.77 140.00 190.00 0.00 102.00 42.00 1.00 18.70 69.36 88.39 11.40
21 2.52 99.00 157.00 0.00 190.00 58.00 1.50 18.50 72.60 86.40 14.80
28 2.38 74.00 130.00 0.00 233.00 57.00 2.40 20.50 80.00 88.39 16.10
35 2.56 22.00 107.00 0.00 226.00 37.00 3.40 22.80 82.00 88.71 16.80
        43 2.56 0.00 67.00 0.00 210.00 29.00 2.50 22.00 88.00 87.30 17.20
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B.2.8 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
P. sp at 1% pulp density of as received spent catalyst.



















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00 - - -
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00   0.67 - - -
         3 3.06 236.13 245.16 0.00 8.00 11.50 0.00 8.00 44.50 0.00 0.43
          7 3.29 224.00 230.15 0.00 23.98 12.70 0.00 8.80 65.50 8.28 2.90
14 3.25 192.00 199.00 0.00 28.90 17.60 0.00 9.90 80.00 10.83 4.48
21 3.15 150.00 195.75 0.00 21.98 27.30        0.00 9.96 80.70 19.83 4.49
28 3.06 114.00 193.00 0.00 15.82 30.00 0.00 9.00 81.30 25.70 6.40
35 3.25 92.00 186.00 0.00 14.86 30.00 0.00 10.70 81.30 24.98 5.89
        43 3.30 88.00 190.00 0.00 14.00 31.5 0.00 11.20 80.80 23.65 5.42
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B.2.9 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
P. sp at 1% pulp density of decoked ungrounded spent catalyst



















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00 - - -
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00   0.67 - - -
         3 3.00 236.13 244.15 0.00    8.00 11.50 0.00 8.00 31.20 37.38 0.37
          7 3.38 178.00 200.00 0.00 19.08 26.10 0.00 11.30 48.60 60.00 4.01
14 2.80 100.00 166.00 0.00 66.00 41.80 0.18 14.60 56.47 72.41 6.11
21 2.56 60.00 111.00 0.00 140.00 54.50 1.19 16.20 67.00 73.20 8.60
28 2.66 0.00 80.00 0.00 205.67 73.30 2.37 16.20 68.50 78.93 10.30
35 2.80 0.00 57.00 0.00 222.87 80.00 2.52 16.60 70.60 82.00 10.90
        43 2.91 0.00 32.00 0.00 195.24 84.00 1.03 16.50 74.70 80.89 11.99
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B.2.10 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture 




















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00 - - -
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00   0.67 - - -
       3 5.80 236.13 244.15 0.00 8.00 12.10 0.00 8.40 40.40 38.64 1.60
       7 3.15 194.00 227.00 0.00 20.47 22.40 0.00 11.50 50.59 64.70 6.23
14 3.23 134.00 177.53 0.00 60.00 37.60 0.00 13.30 60.30 77.20 7.88
21 2.93 103.76 130.00 0.00 120.18 50.00 0.00 15.50 69.00 76.97 10.19
28 2.63 58.00 82.12 0.00 166.00 66.70 0.00 15.50 70.60 84.60 11.73
35 2.91 6.00 73.25 0.00 164.32 75.20 0.00 15.90 73.10 83.20 12.11
     43 2.88 4.00 59.00 0.00 153.79 76.60 0.00 15.30 75.70 82.84 12.32
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B.2.11 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture 




















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00 - - -
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00   0.67 - - -
       3 2.96 236.13 244.15 0.00 8.00 11.50 0.00 8.20 1.73 40.00 39.53
       7 3.25 216.00 215.00 0.00 11.00 18.20 0.00 10.30 5.28 54.70 70.70
14 3.11 180.00 182.00 0.00 40.00 24.80 0.28 11.80 8.60 64.00 81.20
21 2.97 142.00 158.00 0.00 93.77 37.00 0.44 13.90 10.80 70.60 80.50
28 2.79 96.00 130.00 0.00 135.71 42.40 1.69 14.40 12.10 72.00 82.60
35 3.00 76.00 118.00 0.00 129.58 51.50 1.49 14.71 12.50 74.70 83.20
     43 3.00 56.00 111.00 0.00 110.00 60.00 1.51 14.95 12.90 76.70 78.93
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B.2.12 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture 




















0 5.80     0.00 0.00 292.39 0.00 0.00 0.00   0.00 - - -
1 3.50 254.18 264.01 0.00 0.20 4.80 0.00   0.67 - - -
       3 3.06 236.13 244.15 0.00 8.00 11.50 0.00 8.30 1.89 40.90 49.43
       7 3.00 208.00 220.00 0.00 15.00 20.00 0.00 10.60 6.15 60.00 79.58
14 2.91 164.00 186.00 0.00 46.00 29.10 0.00 12.60 9.93 70.00 88.39
21 2.74 128.00 142.00 0.00 102.00 43.60 0.00 14.70 11.89 75.70 86.00
28 2.66 78.00 114.00 0.00 155.00 53.30 0.00 15.20 13.81 76.70 88.39
35 2.79 48.00 97.00 0.00 151.00 64.20 0.00 15.20 13.85 78.00 88.71
     43 2.91 30.00 91.00 0.00 138.00 70.00 0.00 15.75 14.24 78.80 85.45
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B.3 Bioleaching experiments with various initial sucrose concentrations.
B.3.1 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked ungrounded spent catalyst with an initial 
concentration of sucrose of 100 g/l. 




















       
5.80 0.00 0.00 292.39 0.00 0.00 0.00 0.00 - - -
1 3.00 255.00 272.00 0.00 5.00 8.614 0.00 7.00 - - -
         3 2.72 225.83 252.78 0.00 12.30 19.62 0.00 15.00 25.00 37.38 1.30
          7 2.86 155.00 193.00 0.00 57.00 40.00 0.00 21.00 42.00 64.80 4.01
14 2.92 66.00 160.00 0.00 132.00 60.00 33.37 22.20 56.47 70.40 6.11
21 2.48 39.00 126.00 0.00 250.00 77.00 27.00 21.50 61.30 72.40 9.34
28 2.56 0.00 100.00 0.00 266.00 63.00 24.00 22.00 68.50 75.20 11.00
35 2.61 0.00 43.00 0.00 258.00 43.00 19.50 20.80 75.00 80.00 10.50
        43 2.69 0.00 33.00 0.00 238.00 40.00 6.90 19.60 83.50 80.89 11.99
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B.3.2 Growth Parameters and metal leaching efficiencies for 2-step bioleaching culture of 
A. niger at 1% pulp density of decoked ungrounded spent catalyst with an initial 




















0 5.80 0.00 0.00 467.82 0.00 0.00 0.00 0.00 - - -
3 2.72 333.00 345.00 333.00 0.00 0.00 0.00 15.00 25.00 37.38 1.30
12 2.86 368.50 376.00 0.00 28.50 32.50 10.00 21.00 42.00 64.80 4.01
23 2.92 262.50 288.50 0.00 258.00 80.50 35.50 22.20 72.00 80.00 13.20
38 2.48 247.50 253.50 0.00 336.00 92.50 55.00 21.50 84.00 88.00 16.60
49 2.56 206.50 214.00 0.00 435.50 215.50 55.50 22.00 90.7 89.5 18.5
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